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Abstract

Risk factors for ovarian cancer by histological phenotype in
the Million Women Study

Kezia Gaitskell, Green Templeton College, University of Oxford

A thesis submitted for the degree of Doctor of Philosophy, Trinity Term 2016

There is growing evidence that the different histological types of ovarian cancer

have diverse origins. Many high-grade serous tumours (the most common type) are

hypothesised to arise from the fallopian tubes, while endometrioid and clear cell tumours

are hypothesised to develop from endometriosis, and the origins of mucinous tumours

are uncertain. If these hypotheses are true, then the population-level risk factors for

the ovarian cancer histotypes should likewise vary – but few epidemiological studies

have sufficient cases to explore this. This thesis investigates the association between

ovarian cancer and various exposures (including tubal ligation and reproductive factors),

in a cohort of 1.3 million women, with 8,000 incident ovarian cancers. Participants

completed a questionnaire at recruitment, and were followed up for routinely collected

information on cancers and deaths using national registries. Cox proportional hazards

models were used to estimate adjusted relative risks of ovarian cancer in women by

different exposures. Tubal ligation was associated with reduced risks of cancers of the

ovary, and also of the peritoneum and fallopian tube; parity and breastfeeding were also

associated with reduced risks of ovarian cancer. These associations with ovarian cancer

were highly heterogeneous between the different histological tumour types, consistent

with hypotheses of their distinct origins. In particular, risks of endometrioid and clear cell

tumours were substantially reduced amongst women with tubal ligation, but substantially

increased amongst nulliparous women. For high-grade serous carcinomas, there was a

smaller but significant reduction in risk with tubal ligation, and no significant association

with parity. I also describe some methodological studies I set up for future tissue-based

work: developing techniques in image analysis, and a pilot study of obtaining linked

pathology reports and tissue samples. The population-level associations demonstrated

by histotype are largely consistent with the new hypotheses of the different origins of

ovarian cancer histotypes.
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Chapter 1

Thesis Introduction

1.1 Rationale

Ovarian cancer is the seventh leading cause of cancer mortality amongst women world-

wide, and the fourth leading cause amongst women in the UK.6 For UK women diagnosed

with ovarian cancer, the age-standardised five-year relative survival is 31.0% (95% CI:

30.6-31.5).7 This relatively poor survival is probably attributable, at least in part, to

relatively late stage at diagnosis: of those women with known stage, about 60% have

advanced disease with metastatic spread (stage 3 or 4) at diagnosis.8 Although there

have been several attempts to develop screening programmes for early detection of ovar-

ian cancer (in the hope that this would improve survival), these have thus far not shown

sufficient mortality benefit for immediate implementation at a population level.9–11

Efforts at prevention have been limited by the relatively few established, easily-

modifiable, risk-factors for ovarian cancer. There are a few high-penetrance genetic

risk factors (e.g. mutations in the genes BRCA1 or BRCA2, associated with familial

breast and ovarian cancer syndrome12–14), for which prevention focuses on risk-reducing

surgery.15 Genome-wide association studies (GWAS) have identified some additional sus-
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ceptibility loci,16 but these have thus far not led to widely-accepted, clinically-useful,

risk-prediction models.

Various lifestyle and reproductive factors have been shown or suggested to be asso-

ciated with an increased risk of ovarian cancer. Some of these are potentially modifiable

(e.g. body-mass index,17 or use of menopausal hormones18), but many others are related

to decisions around the use of contraceptives,19 or other reproductive factors,20 which

occur in early adulthood and may thus be less easily modified.

An important development in our understanding of ovarian cancer has also been

the increasing evidence that the different histological subtypes (histotypes) of ovarian

cancer may have different origins, and show different molecular signatures.21–24 The vast

majority of ovarian cancers are epithelial tumours, of which the four most common histo-

types are serous, mucinous, endometrioid, and clear cell tumours.25 For serous tumours,

the most common histotype, it has been further suggested that they be divided into

low-grade serous tumours (consisting of serous borderline tumours and low-grade serous

carcinoma) and high-grade serous carcinoma, and that these represent two quite distinct

pathways of tumour development.

There is thus a need to expand and develop epidemiological analyses of ovarian

cancer, taking account of the probable importance of potential variation by histological

type. This would not only aid in understanding the risk factors better, with a view to

possible modification and prevention, but might also aid in elucidating the underlying

biology and development of the different histotypes. Although several individual studies

and large consortia have attempted this, their findings have often been limited by either

retrospective designs (with consequent risk of bias)1,26 or insufficient numbers of cases

of the less-common histotypes.20,27
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1.2 Research Aims

The research documented in this thesis is primarily concerned with investigating repro-

ductive and lifestyle risk factors for ovarian cancer, exploring potential variation in these

associations by histological tumour type, and interpreting the results in the light of new

hypotheses of the origins of ovarian cancer.

The thesis also outlines current and ongoing research that aims to develop and

establish resources and methods for exploring the risk factors and origins of ovarian

cancer using tissue samples.

1.3 Outline of the thesis

Chapter 1 provides an overview of the thesis. It outlines the rationale for the thesis –

namely increasing evidence that ovarian cancer is a heterogeneous disease, but incom-

plete knowledge of the variation of risk factors between the histological subtypes (as

detailed in Chapters 2 and 3). It also outlines the approach taken to investigate these

issues – primarily epidemiological analyses of the risk factors for ovarian cancer, split by

histological subtype (Chapters 5 to 7), but also some more exploratory tissue-based work

(Chapters 8 and 9).

Chapter 2 reviews the increasing evidence that ovarian cancer is a heterogeneous

disease, with histological subtypes (most commonly, serous, endometrioid, clear cell and

mucinous) that vary not only in microscopic appearance, but also in genetic/ molecular

characteristics, and possibly in cell of origin. In particular, the chapter briefly reviews the

evidence for the hypotheses that many high-grade serous ovarian cancers may originate

from precursor lesions in the fallopian tube epithelium, while some endometrioid and

clear cell tumours may arise from endometriosis.
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Chapter 3 reviews the known epidemiology of ovarian cancer, and the increasing

evidence that the histological subtypes of ovarian cancer have different population-level

risk factors. This includes findings from the Million Women Study (one of the largest

prospective cohort studies in the world, and the main source of data for this thesis),

and the Collaborative Group on Epidemiological Studies of Ovarian Cancer. It also

highlights the many important factors that have previously been suggested by other

studies to be associated with ovarian cancer risk, but which have thus far not been

explored by histotype in the Million Women Study – including tubal ligation, parity, and

breastfeeding. Some of these exposures are particularly relevant for the new hypotheses

of tubal or endometriotic origins for certain histotypes. This explains the need for the

present study.

Chapter 4 details the methods of the Million Women Study (MWS), a large

prospective cohort of UK women, which is the main data source used for the epidemio-

logical analyses in this thesis. The chapter also outlines the main methods used for the

epidemiological analyses – namely, Cox regression (survival time) analyses, adjusted for

potential confounding factors.

Chapter 5 investigates the association between tubal ligation (female sterilization)

and the risk of ovarian cancer, by histological tumour type. This study is a prospective

analysis in the Million Women Study cohort, of 8,031 cases of ovarian cancer that had

accrued by 31st December 2013, amongst women without previous cancer or bilateral

oophorectomy. The work outlined in this chapter was published in the International

Journal of Cancer (March 2016, Vol. 138, Issue 5, pages 1076-1084), and is also repro-

duced in Appendix C.1.

Chapter 6 investigates the association between tubal ligation (female sterilization)

and the risk of 26 different cancer types, including cancers of the fallopian tube and

peritoneum (which have been hypothesised to have similar origins to those of the most
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common form of ovarian cancer). This study is a prospective analysis in the Million

Women Study cohort, of cancer cases that had accrued by 31st December 2013, amongst

women without previous cancer. The work outlined in this chapter was published in the

British Journal of Cancer (May 2016, Vol. 114, Issue 9, pages 1033-1037), and is also

reproduced in Appendix C.2.

Chapter 7 investigates the association between reproductive factors (parity and

breastfeeding) and risk of ovarian cancer, by histological tumour type. This study is

a prospective analysis in the Million Women Study cohort, of 8,719 cases of ovarian

cancer that had accrued by 31st December 2014, amongst women without previous cancer

or bilateral oophorectomy. A manuscript relating to this work has been prepared for

publication.

Chapter 8 briefly introduces a collaborative project of work in which I am involved,

that is investigating changes in protein expression (as assessed by immunohistochemistry)

in the fallopian tube epithelial cells of women with the high-grade serous histotype of

ovarian cancer (which is hypothesised to arise from the fallopian tubes), compared to

women with other benign or malignant conditions. The chapter then describes a sub-

project, of developing and validating an algorithm (‘macro’) for use in image analysis

software, which will automate the identification of the fallopian tube epithelial layer, so

as to facilitate analysis of scanned slides.

Chapter 9 describes a pilot study of identifying, retrieving, obtaining and process-

ing pathology reports and tissue samples from Million Women Study participants who

were diagnosed and treated for ovarian cancer in the Oxford region. I initiated the pilot

study during my DPhil, and at the time of writing it is still in progress.
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1.4 Publications relating to this thesis

At the time of writing, two manuscripts have been published from work described in this

thesis. These are "Tubal ligation and ovarian cancer risk in a large cohort: Substantial

variation by histologocal type", and "Tubal ligation and incidence of 26 site-specific

cancers in the Million Women Study" (see Appendix C). My co-authors for the papers

provided advice on the content and methodology, and read the papers both prior to

submission and at revision - and so to this extent the papers may not be considered to

be entirely my own work. A manuscript has also been prepared for publication related

to the work outlined in Chapter 7.

Other papers to which I have contributed during the course of my DPhil, but which

are not primarily based on material presented as part of this thesis, are included in

Appendix D.
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Chapter 2

Ovarian cancer pathology

2.1 Introduction

As with the majority of cancers, ovarian cancer has historically been divided into different

types, largely on the basis of microscopic morphological appearance. However, there is

increasing evidence that the different histological subtypes (histotypes) of ovarian cancer

may have different origins, and show different molecular signatures.21–24

The vast majority of ovarian cancers are epithelial tumours (carcinomas), of which

the four most common histotypes are serous, mucinous, endometrioid, and clear cell

tumours.25 In a European-wide study of ovarian cancer based on data from cancer reg-

istries, the largest specific histotype was serous tumours (accounting for 34% of ovarian

cancer cases), followed by endometrioid (9%), mucinous (8%), and clear cell (3%); stro-

mal and germ cell tumours, sarcomas, and squamous cell tumours together accounted

for <5%; the remainder were classified as undifferentiated (25%), or of ‘other’ or ‘Not

Otherwise Specified’ types.7

Serous ovarian carcinomas morphologically resemble the epithelium lining the fal-
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A B

C D

E

Figure 2.1: Histological images of ovarian cancer histotypes: A - Low-grade serous,29 B - High-
grade serous,30 C - Endometrioid,31 D - Clear cell,32 E - Mucinous.33 (Source: Juan Rosai’s
collection of surgical pathology specimens http://www.rosaicollection.org/)

lopian tube; low-grade (Figure 2.1 A) and high-grade serous carcinomas (Figure 2.1 B)

are distinguished largely based on nuclear atypia and mitotic activity.25 Endometrioid

ovarian carcinomas (Figure 2.1 C) resemble the endometrium (the lining of the uterus).

Clear cell carcinomas (Figure 2.1 D) tend to have have clear-staining cytoplasm, at-

tributed to abundant glycogen.28 Mucinous carcinomas (Figure 2.1 E) tend to resemble

either the lining of the gastrointestinal tract, or the glandular part of the uterine cervix.

8
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2.2 New hypotheses regarding the origins of serous tumours

Serous tumours have traditionally been divided into serous borderline tumours and in-

vasive serous carcinomas, and serous carcinomas have customarily been graded using a

three-tier system (low, medium or high-grade). As with several other cancer types, it was

presumed that, in most cases, high-grade serous ovarian carcinomas had developed from

low-grade serous ovarian carcinomas. However, it is now hypothesised that high-grade

serous ovarian carcinomas are quite different entities, and in most cases will have de-

veloped along an entirely different pathway to serous borderline tumours and low-grade

serous carcinomas (which possibly are different steps along the same pathway).22

High-grade serous ovarian cancer is hypothesised to arise from precursor lesions

within the fallopian tubal epithelium, particularly in the fimbrial end adjacent to the

ovary, and subsequently seed to the ovary.22 Much of the initial evidence for this hypoth-

esis came from studies showing putative precursor lesions within the fallopian tubes (such

as focal areas of epithelium featuring mutations in the tumour-suppressor gene TP53 or

aberrant expression of its protein p53, and/or areas of dysplasia or serous intraepithe-

lial carcinoma) in prophylactic salpingoophorectomy specimens from women with an

increased genetic risk of ovarian cancer, due to inherited BRCA1/2 mutations.34–37

Serous tubal intraepithelial carcinoma (STIC), the putative precursor lesion, has

also been noted in the fallopian tubes of about 20-60% of women with high-grade serous

ovarian cancer.38–47 Some of these studies also found similar lesions in women with

apparent fallopian tubal carcinoma or primary peritoneal carcinoma, and so it has been

hypothesised that STIC lesions may act as precursors to high-grade serous carcinomas

found in the fallopian tubes, ovary, and peritoneum.40 Clinical guidelines for staging and

treating ovarian cancer reflect this, now advising that high-grade serous cancers of the

ovary, fallopian tube and peritoneum should be considered collectively.48,49
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STICs have also been identified in a small proportion of salpingoophorectomy spec-

imens from women not known to have ovarian cancer or to be at increased genetic risk,

in some cases with accompanying incidental invasive high-grade serous carcinoma.50–52

The putative precursor lesions in many cases show molecular changes that are similar

or identical to those seen in co-existing high-grade serous ovarian cancer, particularly

in terms of TP53 mutations38 (mutations in the gene for p53 being characteristic and

ubiquitous in high-grade serous ovarian cancer53), which argues against STICs merely

being part of a general pro-cancerous ‘field change’.

The origins of low-grade serous tumours are considerably more uncertain. In many

cases, there appears to be a step-wise progression from ovarian epithelial inclusion cysts,

through benign cystadenomas and serous borderline tumours, to low-grade serous carci-

noma. Evidence for this includes the frequent co-existence of serous borderline tumours

with low-grade serous carcinomas,54 and similar molecular changes: both serous border-

line tumours and low-grade serous carcinomas commonly feature mutations in BRAF or

KRAS,55 but rarely in TP53,56 in contrast to high-grade serous carcinoma. It has been

suggested that some low-grade serous tumours may also originate indirectly from tubal

epithelial cells (perhaps from benign or hyperplastic tubal epithelial cells which become

trapped in the ovary as epithelial inclusion cysts at the time of ovulation, possibly at a

young age),57,58 but the evidence for this is not well established.

2.3 New hypotheses regarding the origins of Endometrioid

and Clear Cell ovarian cancer

Some endometrioid and clear cell ovarian cancers are thought to develop from endometrio-

sis,22,23,59 deposits of endometrial-type glands and stroma that are found outside of the

uterus, most commonly on the surface of the ovaries, fallopian tubes, and other serosal

surfaces of the pelvic organs. This hypothesis is based primarily on histopathologi-
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cal studies, which show that endometriosis is often seen near to these tumour types,

and that there is often an observable transition between endometriosis and clear cell

or endometrioid ovarian cancer (and more frequently than with other types of ovarian

cancer).60–66 Estimates vary for the prevalence of endometriosis amongst women with

different ovarian cancer histotypes. Studies among women in Europe and the USA sug-

gest that endometriosis is seen nearby in about 10-50% of endometrioid and clear cell

tumours, but in less than 5% of serous or mucinous tumours; prevalence estimates for

endometriosis in ovarian cancer tend to be higher in Japan.64,67

In addition, where endometrioid or clear cell ovarian cancers have arisen within

or adjacent to endometriosis, common genetic lesions (particularly loss of heterozygosity

events) are often detected within both the tumours and the endometriosis, consistent with

a common lineage.68–70 Somatic mutations in the gene ARID1A (which may function as

a tumour-suppressor gene) have been identified in 30-80% of endometrioid and clear

cell tumours, and were also present in contiguous endometriosis in some patients, but

were not found in high-grade serous ovarian carcinomas.71–74 Loss of expression of the

ARID1A-encoded protein BAF250a is also seen in some cases of endometrioid and clear

cell ovarian cancer, and contiguous endometriosis.75 These findings would be consistent

with the hypothesised continuum between endometriosis and endometrioid and clear cell

ovarian cancers.

Other molecular changes that have been reported to be associated with endometrioid

ovarian carcinoma include microsatellite instability (10-20% of cases), and mutations of

the genes PTEN (10-20%) and CTNNB1 (beta-catenin, up to 40-50%).74,76 Mutations

in PIK3CA have been reported in about 30-50% of clear cell and endometrioid ovarian

carcinomas,71,74,77 and may co-exist with ARID1A mutations.78
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2.4 Hypotheses regarding the origins of mucinous tumours

The origins of mucinous tumours are considerably less certain. It has been suggested that,

particularly in older case series, many cases of mucinous ‘ovarian’ cancer may have been

misdiagnosed metastases from the gastrointestinal tract.79 Others have suggested that

mucinous ovarian cancers may share a common origin with Brenner tumours (transitional

cell tumours, which resemble urothelium lining the urinary tract), and may arise from

Walthard cell nests (benign microscopic nests of transitional cells, found at the tubal-

peritoneal junction).80,81 Some gastroinestinal-type mucinous tumours can also develop

from mature ovarian cystic teratomas.82

2.5 Implications for this thesis

Given these new hypotheses of the potentially disparate origins of the ovarian cancer

histotypes, it is important for epidemiological studies of ovarian cancer that the different

histotypes should be examined separately - and so this thesis will look particularly at

possible heterogeneity by histotype.
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Chapter 3

Ovarian cancer epidemiology

3.1 Ovarian cancer incidence and mortality

Ovarian cancer incidence rates show considerable global variation, with higher incidence

seen particularly within North America, Europe, and Australasia, and lower incidence in

sub-Saharan Africa and Asia (see Figures 3.1 and 3.2).

Within the UK, ovarian cancer is the sixth most common incident cancer amongst

women (excluding non-melanoma skin cancer), with an age-standardised incidence rate of

11.7 per 100,000, and the fourth most common cause of cancer mortality (age-standardised

rate of 5.7 per 100,000).6 The estimated cumulative lifetime risk of ovarian cancer (up

to age 75) for women in the UK is 1.3%.6

For women in the UK diagnosed with ovarian cancer, the age-standardised 5-year

relative survival has been estimated to be 31.0% (95% CI: 30.6-31.5).7 This relatively

poor survival is partly attributable to an average late stage at diagnosis: about 60% of

UK women with ovarian cancer have advanced disease with metastatic spread (stage 3

or 4) at diagnosis.8
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Figure 3.1: Map showing global age-standardised incidence rates of ovarian cancer (Source:
GLOBOCAN 20126)

Figure 3.2: Bar chart showing global age-standardised incidence and mortality rates of ovarian
cancer (Source: GLOBOCAN 20126)
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3.2 Randomised trials of screening

In an effort to diagnose ovarian cancer at an earlier stage, when there is a greater potential

for treatment to be curative, there have been several randomised controlled trials of

screening for ovarian cancer, generally using either trans-vaginal ultrasound and/or a

blood test for the tumour marker CA-125. The two largest trials published thus far are

the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial (PLCO) and the UK

Collaborative Trial of Ovarian Cancer Screening (UKCTOCS).

3.2.1 PLCO

In the ovarian cancer arm of the Prostate, Lung, Colorectal and Ovarian Cancer Screening

Trial (PLCO), of 78,216 women in the USA aged 55-74 who were randomized, 39,111

were allocated to the control group to receive usual care (4,807 were not included in

analyses as they had previously had bilateral oophorectomy), and 39,105 were allocated

to receive screening for ovarian cancer with annual trans-vaginal ultrasound (TVU) and

CA-125 blood test for four years, followed by the blood test alone for two years.9,10

After 12.4 years of median follow-up, as expected, there appeared to be a higher

incidence of ovarian cancer cases diagnosed in the screening arm: 212 ovarian cancer

cases (5.7 per 10,000 person-years) in the screening group, compared to 176 cases (4.7

per 10,000 person-years) in the control group, although this difference was not statistically

significant (RR: 1.21, 95% CI: 0.99-1.48).10 However, there was no apparent stage shift:

stage III and IV cancers accounted for the majority of cases in both the screening (77%)

and control group (78%). There was also no evidence of a benefit in ovarian-cancer-

specific mortality: after 118 deaths from ovarian cancer in the screening arm (3.1 per

10,000 person-years), and 100 deaths in the control arm (2.6 per 10,000 person-years),

the adjusted relative risk for mortality was 1.18 (95% CI: 0.82-11.71).10
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A later analysis suggested that there would still have been no significant mortality

benefit, even if the CA-125 blood test had used the risk of ovarian cancer algorithm

(ROCA, a statistical tool that determines ovarian cancer risk based on past and current

CA-125 values), rather than an absolute cut-off of ≥35 U/mL.83

3.2.2 UKCTOCS

In the UK Collaborative Trial of Ovarian Cancer Screening (UKCTOCS), 202,638 women

aged 50-74 were randomised to one of three arms: 50% (101,359) to no screening, 25%

(50,640) to screening with TVU and CA-125 blood-test (making use of the ROCA algo-

rithm, rather than an absolute cut-off value), and 25% (50,639) to screening with TVU

alone.11 After a median follow-up of 11.1 years, ovarian cancer had been diagnosed in

1,282 women, of whom 649 had died of ovarian cancer.

There was no evidence of a significant benefit in the primary outcome of ovarian-

cancer-specific mortality: screening with ultrasound alone had an 11% reduction in mor-

tality compared to usual care (95% CI: -7 to 27, p=0.21), while combined screening with

ultrasound and CA-125 blood test had a 15% reduction in mortality (95% CI: -3 to 30,

p=0.10). The authors noted a significant mortality reduction in the combined screening

group when they did an analysis excluding prevalent cases (i.e. those diagnosed at the

first round of screening), but this was not pre-specified as the primary analysis.

3.3 Genetic risk

3.3.1 BRCA

It has long been known that some families carry an hereditary risk for ovarian cancer -

most famously in the form of the hereditary breast and ovarian cancer syndromes due to
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mutations in the tumour suppressor genes BRCA1 and BRCA2, which were first mapped

in the early 1990s.12–14 It is estimated that carriers of mutations in BRCA1 have about

a 45% cumulative risk of developing ovarian cancer by age 80 (and about a 67% cu-

mulative risk of breast cancer), while those with BRCA2 mutations have an estimated

12% cumulative risk of ovarian cancer by age 80 (and 66% risk of breast cancer).15,84,85

The majority of ovarian cancers that develop amongst women with BRCA1/2 mutations

are of the high-grade serous histotype.86 Standard clinical guidelines recommend that

women with known deleterious mutations of BRCA1 or BRCA2 consider prophylac-

tic risk-reducing surgery in the form of bilateral salpingoophorectomy (removal of both

ovaries and fallopian tubes) and bilateral mastectomy (removal of both breasts), after a

certain age (e.g. 35 to 45), and when they have completed childbearing.87,88

3.3.2 Other genetic risks

Other inherited cancer syndromes with an increased risk of ovarian cancer include Lynch

syndrome (characterised by germline mutations in one or more of the DNA mismatch

repair genes MLH1, MSH2, MSH6 and PMS2, leading to increased risks of colorectal, en-

dometrial and ovarian cancers),89 and Li-Fraumeni syndrome (characterised by increased

risk of cancer at multiple sites, including the ovary, due to germline mutations in the

tumour-suppressor gene TP53 90). Other germline mutations that have been associated

with risk of ovarian cancer include BARD1, BRIP1, CHEK2, MRE11A, NBN, PALB2,

RAD50 and RAD51C, many of which are involved in the Fanconi anaemia pathway.91

Genome-wide association studies (GWAS) have identified about 22 further lower-

penetrance genetic susceptibility loci that appear to be associated with ovarian cancer

risk.16,92–100 Suggestive associations have recently been reported at further loci, though

these did not reach traditional statistical significance for GWAS studies.101,102
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3.4 Findings from the Collaborative Group on Epidemiolog-

ical Studies of Ovarian Cancer

Probably the most reliable and comprehensive source of information on the risk fac-

tors for ovarian cancer comes from the Collaborative Group on Epidemiological Studies

of Ovarian Cancer (‘the Collaboration’). This is an international collaborative effort

to conduct meta-analyses using individual-patient-level data from all epidemiological

studies (whether published or not) that have information on ovarian cancer and cer-

tain potential risk factors. The Collaboration now has information on 31,000 women

with ovarian cancer (plus a greater number of controls) from 58 studies worldwide,

and is co-ordinated from the Cancer Epidemiology Unit at the University of Oxford.

More information is available at the website https://www.ceu.ox.ac.uk/research/

epidemiological-studies-of-ovarian-cancer.

I have been involved in the Collaboration both before and during my DPhil, and

am a co-author (i.e. member of the writing committee) on two publications.18,103

The Collaboration has thus far reported on associations between ovarian cancer

risk and use of the oral contraceptive pill, body size, smoking, and use of menopausal

hormones. A substantial reduction in risk of ovarian cancer has been shown amongst

women taking the oral contraceptive pill, with an estimated 20% reduction in relative

risk per 5 years of use (95% CI: 18-23%).19 There is an increased risk of ovarian cancer

amongst women with a larger body size - not only for higher BMI, with an estimated

10% increase in relative risk per 5 kg/m2 increase in BMI (RR: 1.10, 95% CI: 1.07-1.13,

p<0.001), but also with greater height, with a 7% increase in risk per 5 cm increase in

height (RR: 1.07, 95% CI: 1.05-1.09, p<0.001).17 Current or recent users of menopausal

hormones have been reported to have nearly a 40% increased risk of ovarian cancer (RR:

1.37, 95% CI: 1.29-1.46), although this declines with greater time since use ceased.18
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For smoking, the association is more complex: although current smokers had a small

increased risk of ovarian cancer overall (RR: 1.06, 95% CI: 1.01-1.11, p=0.01), this was

almost entirely driven by a large increase in the risk of mucinous tumours.103

Although all of these associations had previously been reported on by at least some

of the individual studies, the systematic synthesis of all the available evidence means

that the findings of the Collaboration are more reliable and informative than any of the

individual studies in isolation. An effort was made by the Collaboration to include all

relevant studies, especially for analyses of the oral contraceptive pill and menopausal

hormones. Including the totality of evidence, in so far as is possible, should help to

avoid potential biases associated with emphasis just on certain studies. The large size

of the Collaboration has also enabled it to explore potential heterogeneity in overall

epidemiological associations, not only by timing or amount of exposure, but also by

methodological factors (e.g. whether a study was retrospective or prospective) and by

biological factors (e.g. by histological tumour type). These findings are discussed in more

detail below.

3.4.1 Heterogeneity by histological type

As previously discussed in Chapter 2, there is increasing evidence that the different histo-

logical types of ovarian cancer, which were originally defined by microscopic morphology,

also have different characteristic mutations, and possibly different origins. There has thus

been great interest in exploring whether population-level risk factors also vary between

the histotypes, and in a manner consistent with the new hypotheses of their disparate

origins. The Collaboration, with its large number of cases of even relatively rare histo-

types, is well-placed to investigate this, and has found several instances of heterogeneity

by histotype.

For the oral contraceptive pill, there was about a 20% reduction in risk of ovarian
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cancer per 5 years of use for serous, clear cell and endometrioid tumours, but there was

no evidence of an association with risk of mucinous tumours; heterogeneity: p=0.0007.19

For height, there was about a 7% increase in risk per 5 cm increase in height for

serous, clear cell, and mucinous tumours; although the estimate for endometrioid tumours

did not show a significant increase in risk, tests for heterogeneity did not show a significant

difference in the association by histotype.17 For BMI, each 5 kg/m2 increase in BMI was

associated with about a 10% increase in risk of mucinous and endometrioid tumours,

but no significant association with clear cell tumours; for serous tumours, there was a

significant difference in the association between BMI and invasive serous carcinoma (null)

vs borderline serous tumours (about a 30% increase in risk per 5-unit increase in BMI);

heterogeneity: p<0.001.17

For smoking, the associations by histotype are particularly interesting, as they vary

in different directions. Current smokers appear to have no change in risk of serous

tumours, and about a 20% reduction in risk of endometrioid and clear cell tumours,

compared to never smokers; however, they have about a 50% increase in risk of inva-

sive mucinous carcinoma, and over a doubling of risk of mucinous borderline tumours

(heterogeneity: p<0.0001).103

Menopausal hormone therapy appears to be associated with a substantial and signif-

icant increased risk of serous and endometrioid tumours (about a 40-50% increased risk

amongst current or recent users compared to never-users), but either no association or a

possible reduced risk of mucinous and clear cell tumours (heterogeneity: p<0.0001).18

Although the putative different origins of the different subtypes gives a reasonable

theoretical framework for thinking that they might have different risk factors, the un-

derlying biological explanations for the specific differences observed (e.g. a pronounced

increase in risk of borderline serous tumours with increased BMI, a null association be-

tween mucinous tumours and the OCP, or an increased risk of mucinous tumours but
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not others with smoking) is largely unclear.17,19,103

3.4.2 Retrospective vs prospective studies

Another finding that has been important from the Collaboration is the potential for very

different associations to be seen, depending on whether a study used a prospective versus

a retrospective design.

In a prospective study, exposure history is ascertained prior to disease diagnosis

- usually as part of a cohort design, in which healthy women are recruited, assessed

in person or via questionnaire, and then followed up for incident disease or death. By

contrast, in a retrospective study, exposure history is ascertained amongst women with a

diagnosed disease (cases) and those without the disease (controls). Retrospective studies

are therefore susceptible to additional biases, including selection bias (particularly as

regards the difficult matter of how to select appropriate controls, including the choice of

whether to recruit from the same hospitals as the cases, or from the general population)

and recall bias (as a recent diagnosis of cancer might subconsciously alter a person’s

recollection of previous life experience). In addition, the poor survival for ovarian cancer

means that rapidly-fatal cases may not be represented in retrospective studies, as there

is often some time between diagnosis of cancer and interview for the study.

Given this potential for heterogeneity in the study types, the Collaboration has

reported results separately for prospective and retrospective studies, and subdivided the

latter by studies that used population controls versus hospital controls.

For some exposures, there appears to be relatively little heterogeneity by study type:

for example, both prospective and retrospective studies find about a 20-30% reduction

in risk of ovarian cancer amongst ever vs never users of the oral contraceptive pill.19

However, for other exposures, there were substantial differences by study design.
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For example, for body size, retrospective studies with hospital controls found that in-

creased height and BMI were associated with a reduced risk of ovarian cancer - in the

opposite direction to the associations found in either retrospective studies with popula-

tion controls, or prospective studies.17 The retrospective studies with hospital controls

were thus excluded from subsequent analyses of ovarian cancer and body size, due to

concerns that some of the controls might have been women with other diseases related

to height or weight.17

The same issue was seen in analyses of smoking and ovarian cancer risk: retro-

spective studies with hospital controls found that smoking was associated with a sub-

stantially reduced risk of ovarian cancer (about a 20% reduction in risk amongst ever vs

never smokers), whereas both prospective studies, and retrospective studies with popu-

lation controls, found that smoking was associated with a small (6-8%) increased risk of

ovarian cancer overall.103 Again, the retrospective studies with hospital controls had to

be excluded from future analyses, as it seemed likely that some of the hospital controls

may have had smoking-related diseases103 (which is perhaps unsurprising, given the wide

range of diseases with which smoking is associated104).

Retrospective studies also appeared to give rise to different results in analyses of

menopausal hormone use and ovarian cancer risk. Although there was strong evidence of

a substantial increased risk of ovarian cancer associated with use of menopausal hormones

in prospective studies from both Europe and North America (about a 35% increased risk

amongst current or recent users vs never-users), the association was null amongst the

majority of retrospective studies (there was some evidence of an increased risk in the

European retrospective studies, but not in those from North America or elsewhere).18

This difference was partly attributed to difficulties in selection of controls in many of the

retrospective studies, but also to the relatively shorter durations of use of menopausal

hormones in many of the retrospective studies.18 It is also possible that the cases in the
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retrospective studies were not representative of ovarian cancer overall - for example, if

a long time interval between diagnosis and recruitment/ interview for the study meant

that many cases had died. This is a particular challenge with retrospective studies of

ovarian cancer, given the relatively poor survival.

3.5 Associations not yet reported on by the Collaboration

In addition to the associations reported on by the Collaboration (described above), there

are several other factors which have been previously investigated as potential risk factors

for ovarian cancer.

For some exposures, the Million Women Study has previously reported on associa-

tions with several different cancer types, including ovarian cancer. For example, analyses

from MWS have shown no trend in risk of ovarian cancer with moderate alcohol intake,3

consumption of organic food,105 or birth weight.106

Many other studies have shown that ovarian cancer risk is reduced amongst women

who have children,20,107–122 and some have suggested additional reductions in risk with

breastfeeding, though the evidence is mixed123–126 (reviewed in more detail in Chapter

7).

Meta-analyses of retrospective studies have reported a reduced risk of ovarian cancer

amongst women who have undergone tubal ligation (female sterilization)1,127 (discussed

in more detail in Chapter 5).

There have been several observational epidemiological studies, which have reported

a strong association between endometriosis and endometrioid and clear cell ovarian can-

cers. A pooled analysis of 21 prospective studies (by Wentzensen et al.) from the Ovarian

Cancer Cohort Consortium included six studies with information on endometriosis, with

1,503 cases of ovarian cancer.27 This analysis found heterogeneity between endometriosis
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and the diagnosis of certain ovarian cancer histotypes, reporting that endometriosis was

associated with a significantly increased risk of endometrioid, clear cell, and low-grade

serous ovarian cancer, but no apparent increase in risk for mucinous or high-grade serous

carcinomas.27 Similar results were also reported by Pearce et al. of the Ovarian Can-

cer Association Consortium, who pooled data from 13 retrospective studies of ovarian

cancer.128

Evidence of an association with hysterectomy is varied, and there appears to be

some change in the associations reported over time: studies in which the average year

of diagnosis was prior to 2000 have tended to report a reduced risk of ovarian cancer

with hysterectomy, while studies with more recent diagnoses have tended to report an

increased risk.129 Prospective studies have been reported to show more evidence of a

reduction in risk of ovarian cancer following hysterectomy than retrospective studies;

however, this may be influenced by the aforementioned secular trends, as the bulk of the

available evidence from prospective studies was from pre-2000.129

Some reports have suggested an increased risk of ovarian cancer amongst women

who have used certain drugs to treat infertility (particularly those that cause ovarian

stimulation/ hyper-ovulation). However, a systematic review, which considered 11 ret-

rospective studies and 14 prospective studies, did not find convincing evidence of an

increased risk of ovarian cancer amongst women treated for infertility.130

Potential associations between diet and ovarian cancer risk have been explored by

many studies, but there are no exposures for which there is consistent evidence of a

substantial association with ovarian cancer (other than the aforementioned increased

risk with body size),126 though some have suggested an increased risk associated with

higher fat consumption.131,132

There have been several studies showing an association between use of talc (talcum

powder) in the genital/ perineal area and risk of ovarian cancer, with a pooled analysis
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of eight retrospective studies estimating about a 20% increase in the relative risk of

ovarian cancer amongst users vs non-users (OR: 1.24, 95% CI: 1.15-1.33).133 However,

the majority of evidence in favour of this association has come from retrospective studies

- which, as previously demonstrated by the Collaboration, may sometimes give incorrect

results due to bias. Only two prospective studies have reported on the issue (the Nurses’

Health Study134 and the Women’s Health Initiative Observational Study135), and both

found no significant association between perineal talc use and overall risk of ovarian

cancer (combined RR: 1.07, 95% CI: 0.92-1.24, see Figure 3.3), and also found no evidence

of a dose-response effect with duration of use. However, as each of the prospective studies

only had fewer than 500 cases,134,135 compared to the 8,500 cases in the pooled analysis

of eight retrospective studies,133 they may be under-powered to detect a true association.

Figure 3.3: Fixed-effects meta-analysis of the published prospective studies on talc use and
ovarian cancer risk134,135

The association between talc use and ovarian cancer risk cannot yet be investigated

in the Million Women Study, as a question on talc use was only included in a later

resurvey questionnaire (about 12 years after recruitment). Thus, there has not yet been

enough follow-up time for sufficient cases of ovarian cancer to accrue. However, this

would be an important question to investigate in MWS in a few years’ time.
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Some studies have suggested an inverse association between age at menarche and

ovarian cancer, with a recent meta-analysis finding about a 15% reduction in risk for

the oldest versus the youngest age categories; this was just statistically significant in

retrospective studies, but not in prospective studies.136 Later age at menopause has

been found by several studies to be associated with an increased risk of ovarian cancer: a

pooled analysis from the Ovarian Cancer Cohort Consortium (including 19 studies with

information on age at menopause) found an estimated 6% increase in risk per 5-year

increase in age at menopause for all invasive ovarian cancer, with significant heterogeneity

by histotype (an estimated 5% increase for serous tumours, and about a 20-40% increase

for endometrioid and clear cell tumours, but no association for mucinous tumours).27

Several studies have reported that there is a reduced risk of ovarian cancer amongst

women who use aspirin and other non-steroidal anti-inflammatory drugs (NSAIDS, e.g.

ibuprofen),137,138 though other studies have not found a significant association.139

3.6 Mechanisms

The biological mechanisms underlying the reported epidemiological associations are largely

uncertain. One popular hypothesis is that ovarian cancer risk is at least partially driven

by either hormones (e.g. oestrogens) or ovulation (whether through the hormonal effects

of ovulation, local inflammatory effects, or other mechanisms). The temporary cessation

of ovulation has been suggested as a common underlying mechanism behind the reduced

risks associated with both the oral contraceptive pill and with parity and breastfeeding -

all of which may stop ovulation.140,141 This hypothesis could also explain the observation

that both younger age at menarche and older age at menopause appear to be associated

with increased risks of ovarian cancer, as both these factors would serve to increase a

woman’s total lifetime number of ovulations.
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The potential role of hormones as drivers of ovarian cancer risk is suggested by

the observed increased risk amongst women who used menopausal hormones (HT) and

amongst women with increased BMI. In particular, the Collaboration found that the

association between BMI and ovarian cancer risk was restricted to women who had never

used menopausal hormones; one possible explanation is that, in post-menopausal never-

users of HT, adipose tissue acts as the main source of oestrogens, and thus a potential

driver of ovarian cancer risk, whereas this is likely to be altered amongst users of HT.17

The apparent reduction in risk of ovarian (and other) cancers associated with long-

term use of aspirin and other NSAIDS has been hypothesised to be due to a consequent

reduction in chronic inflammation, which may predispose to cancer development.142

However, an observational analysis in the PLCO trial cohort did not find statistically-

significant associations between regular aspirin use and a range of inflammatory markers,

after adjustment for multiple comparisons.143 Several authors have suggested that local

inflammation may have an important role in the development of ovarian cancer, and that

this might be a common mechanism behind both the putative reduction in risk with use

of anti-inflammatory drugs, and the (still somewhat controversial) possible increase in

risk with use of talc, as well as other pro-inflammatory conditions (e.g. endometriosis

and pelvic inflammatory disease).144–146

In summary, an understanding of the risk factors for ovarian cancer can be helpful

when considering the possible mechanisms by which ovarian cancer may arise and develop.

However, it is of increasing importance that epidemiological analyses of the risk factors

for ovarian cancer are conducted in prospective studies large enough to perform subgroup

analyses by histotype. This explains the rationale for this thesis.
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Chapter 4

The Million Women Study & Methods

4.1 Introduction

The main aim of the Million Women Study (MWS) is to investigate the association

between reproductive and lifestyle factors and health outcomes amongst (predominantly

post-menopausal) women in the UK.

This chapter describes the methods of the Million Women Study, and summarises

the approach to statistical analyses used in Chapters 5 to 7.

4.2 Design and Methods

The MWS is a multi-centre, population-based, prospective, observational cohort study

with continuing follow-up. The methods have been described in detail elsewhere,147,148

and are summarised below. Women were asked to participate at the time of invitation to

breast screening (mammogram); those who gave consent then completed a questionnaire

with information pertaining to a range of reproductive and lifestyle factors, and were

followed up using routine cancer registry and mortality data.
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Participants are asked to complete a ‘re-survey’ questionnaire every 3-5 years, to

update information on exposures (either where the exposure status may have changed

over time, e.g. menopausal hormone (HT) use, or where there is now interest from

researchers in an exposure that was not asked about on the original questionnaire, e.g.

talc use). Copies of all the questionnaires can be viewed on the MWS website at http:

//www.millionwomenstudy.org; a copy of the recruitment questionnaire is in Appendix

A.

The study was originally designed primarily to look at the association between use

of HT and breast cancer risk, but the wide range of prospectively-collected exposure data,

and routinely-collected outcome data, means that the dataset is suitable for exploration

of risk factors for many diseases. It is also possible to link the exposure and outcome

data to hospital records and, for about 8% of the population, to primary care data.

4.3 Recruitment

4.3.1 Data collection

Women were recruited to the study between 1996 and 2001, making use of the system

of routine breast cancer screening within the UK. Between the ages of 50-64, all women

in the UK who are registered with a GP (general practitioner) were invited at that

time to have routine breast cancer screening by mammogram, at approximately 3-yearly

intervals. There are about 100 NHS screening centres in the UK, sixty-six of which agreed

to collaborate with the MWS.

During the period of recruitment, participating screening centres posted women

the normal screening invitation accompanied by a questionnaire for MWS (in the same

envelope). Women were asked to complete the questionnaire and return it at their mam-

mogram appointment. The questionnaire contained questions on a variety of reproductive
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and lifestyle factors, together with past medical history, and detailed questions regarding

current or previous use of menopausal hormone therapy and the oral contraceptive pill.

Participants gave written consent for follow-up, and were asked to give identifying infor-

mation (to allow linkage with follow-up data). The study includes about one in every

four women of eligible age in the UK during the recruitment period.

4.3.2 Data entry and storage

The data from the questionnaires were entered and coded by a combination of optical

character recognition software and trained staff, who also performed detailed consistency

and validation checks, with reference back to the original questionnaires where neces-

sary.147 The data are stored, maintained and analysed on a secure site in Oxford, and

may not be taken off-site.

4.4 Ethics

Ethics approval for the Million Women Study was granted by the Oxford and Anglia

Multi-Centre Research Ethics Committee (MREC 97/01) (now known as the East of

England Cambridge South Research Ethics Committee). Measures have been taken

to maintain data confidentiality, including stripping of personal identifiers (which are

required to link exposure and outcome data) from the main database used for data

analysis. The analyses contained in this thesis are all in keeping with the original aims

and restrictions of the original Ethics approval for the MWS.

Access to hospital records was approved by the Information Centre for Health and

Social Care (England) and the Information Services Division (Scotland).
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4.5 Follow up

Women who agreed to participate were ‘flagged’ for cancer incidence and cause-specific

mortality with the National Health Service Central Register (NHSCR), which is admin-

istered by the Health and Social Care Information Centre (HSCIC) (in England), and

the National Records of Scotland (in Scotland). [Note that the NHSCR was formerly

administered by the Office for National Statistics (ONS), and some references to this

persist]. Mortality data come from ONS, via HSCIC.

Hospital admissions data, where relevant, are obtained via the NHS Hospital Episode

Statistics in England149 (HES, available from 1 April 1997 to 31 March 2015), and Scot-

tish Morbidity Records in Scotland150 (SMR, available from 1 January 1981 to 31 Decem-

ber 2015). HES data were obtained through HSCIC; SMR data were obtained through

Information Services Division (ISD) Scotland. Information on diagnoses and procedures

associated with each hospital admission were coded to the World Health Organization’s

International Classification of Diseases, 10th revision (ICD-10)151 for diagnoses (ICD-

9152 was used up to April 1995) and to the Office of Population Censuses and Surveys

classification of surgical operations and procedures, fourth revision (OPCS-4)153 for pro-

cedures (OPCS-3 was used up to 1988).

Participants contributed follow-up time from the date of recruitment until the ear-

liest of the following outcomes: either diagnosis of the cancer of interest (usually ovarian

cancer), diagnosis of another cancer (other than non-melanoma skin cancer), loss to

follow-up, death, or the end of follow-up for cancer incidence.
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4.6 Exclusions

The database managers of the Million Women Study have a series of standard exclusions,

including women with unsigned forms (n=114), and women with missing information on

age at recruitment, or who were aged <48 at recruitment (n=1,775). Women are also

excluded if they cannot be matched with a record at the Office for National Statistics

(n=42), if they were diagnosed with invasive cancer (other than non-melanoma skin can-

cer, ICD-10 code C44) prior to recruitment (n=44,775), if they have missing information

on follow-up date (n=81), or if their date of censoring at ONS was prior to recruitment

(n=60) (see Figure 4.1).

Note that the standard exclusions changed slightly at the most recent database

update, which is why numbers in the cohort from older analyses (see Chapters 5 and 6)

appear to differ slightly from numbers in more recent analyses (see Chapter 7).

For analyses of ovarian cancer incidence, women were also excluded if they reported

a previous bilateral oophorectomy (or were unsure, or the information was missing)

(n=170,772). Women were also excluded if the exposure status was unknown for the

exposure of interest for a given analysis (e.g. for an analysis of tubal ligation and risk of

ovarian cancer, women were excluded if their tubal ligation status was unknown).

4.7 Outcome of incident ovarian cancer

Cases of ovarian cancer were defined as code C56 according to the 10th revision of the

International Statistical Classification of Diseases and Related Health Problems (ICD-

10).151 Cases were defined as women who developed ovarian cancer after the date of

recruitment and before the latest date of follow-up for their respective study centre.

At the time of analysis, the end date of follow-up for incident cancer for all regions
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was 31st December 2014; the end date of follow-up for mortality was 31st December

2015.

For analyses that have already been published at the time of writing this thesis, on

tubal ligation and risk of ovarian and other cancers (see Chapters 5 and 6), the follow-up

date for incident cancer is 31st December 2013, and the date of follow-up for mortality

is 31st December 2014.

4.7.1 Ovarian cancer by histological type

For analyses split by histological subtype, the cases of ovarian cancer were divided into

groups based on the coding system of the International Classification of Diseases of On-

cology. The cancer registries supplied data based on a mixture of the second154 and

third155 editions, depending on the date of diagnosis. I used information on histologi-

cal type from the National Cancer Intelligence Network/ Public Health England where

available (NCIN/PHE, available up to December 2013 for England only, and provided

as a four-digit code), supplemented by information from the ONS/HSCIC (available for

both England and Scotland up to the end of follow-up, and provided as a five-digit code).

For the majority of analyses, cases of ovarian cancer were split into the four most

common histotypes: serous (ICD-O codes 8441-8442, 8451, 8460-8463, 9014), mucinous

(ICD-O codes 8470-8490), endometrioid (ICD-O codes 8380-8381, 8560, 8570), and clear

cell (ICD-O codes 8310, 8313); the remainder of cases were classified as other/ unspecified.

For some analyses, the serous and mucinous tumours were further sub-divided, as

previously described.156 Serous tumours were divided into low-grade tumours (borderline

serous tumours (ICD-O codes 8442, 8451, 8462, 8463) or grade 1 serous carcinomas)

versus high-grade (grade ≥2) serous carcinomas. Information on tumour grade came

from NCIN/ PHE data, and thus was not available for all cases. Mucinous tumours
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were split into mucinous borderline tumours (ICD-O codes 8472, 8473) and mucinous

carcinoma. The coding system used is illustrated in Table 4.1 (note that this table only

covers division by ICD-O code, and does not cover division of serous tumours by grade).

4.8 Statistical analyses

Each of the individual results chapters includes a description of the methods used; some

common features of the statistical analyses are outlined here.

4.8.1 Descriptive statistics

Simple descriptive statistics (e.g. means and percentages) were used to compare associa-

tions between various reproductive and lifestyle factors and both the main exposure (e.g.

tubal ligation or parity) and the outcome (e.g. ovarian cancer). For each analysis of a

given variable, women were excluded if they had missing information on that variable.

Factors which were associated with both the main exposure of interest and the outcome

were considered to be possible confounders. Other factors which have been treated as

likely confounders by other authors were also considered, even if they did not appear to

be associated with either exposure or outcome in this dataset.

4.8.2 Multivariate regression models

For prospective analyses of risk factors for incident cancer, Cox proportional hazards

models were used to estimate adjusted hazard ratios (referred to as relative risks (RRs))

of incident cancer according to the exposure of interest. Attained age was the underlying

time variable. Graphical methods and tests based on Schoenfeld residuals were used to

check for violation of the proportional hazards assumption.
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All analyses were stratified by geographical region (10 regions corresponding to the

areas covered by the cancer registries: Oxford, East Anglia, South West, Thames, West

Midlands, Northern and Yorkshire, Trent, North West (Mersey), North West (Manch-

ester/Lancashire), and Scotland). Analyses of ovarian cancer risk were also generally

adjusted for use of the oral contraceptive pill (never, ever), tubal ligation (no, yes),

family history of breast cancer (no, yes), hysterectomy (no, yes), use of menopausal hor-

mones (never, ever), body mass index (BMI) (<25 kg/m2, 25-29 kg/m2, 30+ kg/m2),

smoking history (never, past, current), and quintiles of socioeconomic status based on

the Townsend deprivation index157 (calculated using post-code and 1991 census data).

For adjustment variables, missing values were assigned to a separate category. All infor-

mation on adjustment variables was taken from the recruitment questionnaire. Exposure

information was either missing or reported as unknown for <5% of women for all potential

confounders.

Other factors (including alcohol consumption, physical activity, and age at menar-

che) were explored as potential confounders, but were generally not included in the final

models as their inclusion made no appreciable difference to the main estimate of effect.

Tests of heterogeneity in the relationship between ovarian cancer and the primary

exposure by histotype were performed using a competing risks approach.2 This method

involves the duplication of the data by the number of outcomes (e.g. the number of histo-

types), and allows for testing of heterogeneity between multiple outcomes in prospective

analyses. This makes it a preferable alternative to multinomial (polytomous) logistic

regression, which allows for testing of heterogeneity in the association between an ex-

posure and multiple outcomes, but does not account for variable duration of follow-up.

Simulation studies have also suggested that the competing risks approach leads to less

biased estimates than multinomial logistic regression when there is violation of the pro-

portionality in hazards functions across disease subtypes.158
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For analyses where comparisons were made between more than two exposure cate-

gories, relative risks are presented in figures with group-specific confidence intervals for

the log risk in each group (allowing comparisons to be made between any two categories,

even if neither is the reference group).159,160 Conventional 95% confidence intervals are

given in the text. All analyses were performed in Stata-14.161

4.8.3 Plotting of figures

Figures were drawn in R,162 using either the standard package ‘ggplot,’ or Matthew

Arnold’s "Jasper" package.163 The size of the markers for the point estimates is propor-

tional to the inverse of the variance (i.e. the square of the standard error). Bars to either

side of the markers reflect the 95% confidence intervals. Most figures show relative risk

on a log-scale.
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Adapted from a figure created by Kirstin Pirie, and used with permission. 

 N=42 without ONS 

record (unmatched) 

 

Merged with 

ONS_FOLLOWUP 

MWS cohort available for analysis 

[Database view:  RECRUITS_ANALYSIS] 

N = 1,364,375 women 

[signed >= 1 & age_screened != -1] 

Recruits + ONS data 

 [Public view:  PUBLIC_RECRUITS_ONS] 

EXCLUDES women with cancer prior to recruitment 

 N = 1,319,558 women 

Optional exclusions: 

- N=81 without date of death [flagfu_month = 0]  

- (ONS report a death but we have no death certificate 

information) 

- N=60 censored (emigration/death/cancelled cipher) on or 

before date of recruitment [flagfu_date  ≤ date_sign] 

Recruits + ONS data 

 [Public view:  PUBLIC_RECRUITS_ONS_INCLPREVCA] 

INCLUDES women with cancer prior to recruitment 

 N = 1,364,333 women 

Exclude women with any 

insitu breast cancer (D05) 

or malignant cancer (except 

non-melanoma skin cancer, 

C44) registered prior to 

recruitment 
  

N=18,324 breast cancer 

(D05, C50) 

[prev_brcancer = 1] 
 

N=26,451 other cancer 

(C*, except C44 & C50) 
[prev_othcancer = 1] 

 

Figure 4.1: Flowchart showing detailed standard exclusions for the Million Women Study
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Table 4.1: Classification of the histological types of ovarian cancer

Histology group Diagnosis from ICD-O2 or ICD-O3

Serous borderline tumours

8442 (84421-84425) Serous cystadenoma, borderline malignancy

8451 (84513-84515) Papillary cystadenoma, borderline malignancy

8462 (84621-84625) Papillary serous cystadenoma, borderline malignancy

8463 Serous surface papillary tumor of borderline malignancy

Serous carcinoma

8441 (84410-84419) Serous cystadenocarcinoma

8460 Papillary serous cystadenocarcinoma

8461 (84603-84613) Serous surface papillary carcinoma

9014 (90143) Serous adenofibroma (malignant version with 3 suffix)

Mucinous borderline tumours

8472 (84721-84725) Mucinous cystadenoma, borderline malignancy

8473 (84733, 84735) Papillary mucinous cystadenoma, borderline malignancy

Mucinous carcinoma

8470 (84703-84713) Mucinous cystadenocarcinoma NOS

8471 Papillary mucinous cystadenocarcinoma

8480 (84803-84906) Mucinous adenocarcinoma

8481 Mucin-producing adenocarcinoma

8490 Signet ring cell carcinoma

Endometrioid

8380-8381 (83803-83819) Endometrioid carcinoma / adenofibroma (malignant version with 3

suffix)

8560 (85603) Adenosquamous carcinoma

85703 Adenocarcinoma with squamous metaplasia
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Clear cell

8310 (83100-83133) Clear cell adenocarcinoma NOS

8313 Clear cell adenofibroma (malignant version with 3 suffix)

Other

Epithelial tumours of Other/Mixed/ Not Otherwise Specified (NOS) type

8010/8230 (80100/82306) Epithelial tumours/ carcinomas

8240 (82403) Carcinoid tumour NOS

8243 (82433) Goblet cell carcinoid

8244 (82443) Composite carcinoid

8246 (82463) Neuroendocrine carcinoma, NOS

8260 (82603, 82606) Papillary adenocarcinoma

8290 (82903) Oxyphilic adenocarcinoma

8320 (83203) Granular cell carcinoma

8323 (83233) Mixed cell adenocarcinoma

8340 (83403) Papillary carcinoma, follicular variant

84013 Apocrine adenocarcinoma

8440 (84403) Cystadenocarcinoma NOS

8450 (84503) Papillary cystadenocarcinoma NOS

85503 Acinar cell carcinoma

8933 (89333) Adenosarcoma

8940 Mixed tumour, malignant NOS

8950 (89503) Müllerian mixed tumour

8980 (89803/89809) Carcinosarcoma NOS

9000 (90003) Brenner tumour, malignant

9013 Adenofibroma NOS

Non-epithelial tumours

8620 Granulosa cell tumour, malignant

8631 Sertoli-Leydig cell tumour

8650 Leydig cell tumour, malignant
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8800 Sarcoma NOS

8810 Fibrosarcoma NOS

(86203-88103) As above (grouped)

8854 (88543) Pleomorphic liposarcoma

8890 (88903) Leiomyosarcoma NOS

89403 Mixed tumour, malignant NOS

8951 (89513) Mesodermal mixed tumour

8963 (89633) Rhabdoid sarcoma

9064 Germinoma

9080 Teratoma, malignant NOS

9084 Teratoma with malignant transformation

9090 Struma ovarii, malignant

90643/90903 As above (grouped)

9110 (91103) Mesonephroma, malignant

Malignant tumours NOS

8000-8004 (80000-80043) Tumour cells, malignant; malignant tumour of small cell/ giant cell/

fusiform cell type

Notes: This table uses a mixture of four-digit and five-digit morphology codes, as the data from

ONS came with five-digit codes, while that from NCIN/PHE came with four-digit codes (i.e.

omitting the final ‘behaviour’ suffix code).
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Chapter 5

Tubal ligation and risk of ovarian

cancer histotypes

Please note that much of the material in this chapter has been published in a paper in the

International Journal of Cancer156 (see Appendix C.1).

5.1 Introduction

Tubal ligation, also known as female sterilization, is a surgical procedure in which the

fallopian tubes are occluded (generally by clipping, cutting, or removing a portion of the

tube), for the purpose of permanent contraception.

5.1.1 Tubal ligation: trends with age and time

Data from the annual reports on Contraception and Sexual Health (by the Office for

National Statistics) show that female sterilization has become less common over time in

the UK: while 11% of women aged 16-49 reported having undergone female sterilization in

the survey of 2000-2001, this had dropped to 6% in the survey of 2008-2009.164 Although
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tubal ligation has become less common as a form of contraception over time, there has

remained a strong trend with age, with tubal ligation being very rare at younger ages,

and more common at older ages (see Figure 5.1). This trend presumably relates to the

fact that tubal ligation is usually irreversible, and so should only be performed after a

woman is certain that she does not want to have any more children - and hence tends to

be performed later in reproductive life.

These trends of tubal ligation prevalence with age and time mean that, if one wishes

to explore epidemiological associations with tubal ligation, it is easier to do so in popula-

tions of older women, who had their reproductive years longer ago (when tubal ligation

was more common).

Figure 5.1: Graph showing percentage of women reporting female sterilization (tubal ligation)
by age and year (Source: Office for National Statistics164–166)
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5.1.2 Tubal ligation: associations with ovarian cancer

Several meta-analyses of observational epidemiological studies have found that tubal liga-

tion is associated with an overall reduced risk of ovarian cancer.1,127,167 Pooled individual-

patient analyses of 13 prospective27 and 13 retrospective1 studies both found about a 20%

reduction in risk of ovarian cancer amongst women with tubal ligation; meta-analyses

of published studies estimated about a 30-35% reduction in risk.127,167 Published find-

ings by tumour histotype are inconsistent - except perhaps that most investigators have

reported a reduced risk for endometrioid tumours.1,27,127,167

However, the majority of studies to examine this association, and to have enough

cases to explore possible heterogeneity by histological type, have been retrospective stud-

ies. As discussed previously (see Chapter 3), there is reason to believe that the greater

potential for bias in retrospective studies may sometimes lead to different (and probably

incorrect) findings, compared to prospective studies.

Epidemiological studies need to be sufficiently large to have enough power to re-

liably detect heterogeneity by tumour histotype. This chapter therefore reports on the

association observed between tubal ligation and incident ovarian cancer in a large cohort

study of UK women.

5.2 Aim

The aim of this study is to examine the association between tubal ligation and risk of

incident ovarian cancer in a prospective study, and to explore possible heterogeneity of

this association by histological tumour type.
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5.3 Methods

The methods of recruitment and follow-up for the Million Women Study have been

described in detail in Chapter 4, and are summarised below.

5.3.1 Study design, data collection and follow-up

The Million Women Study is a prospective study of 1.3 million UK women, recruited

in 1996-2001 via the UK National Health Service (NHS) Breast Screening Programme.

At recruitment, women completed a questionnaire on socio-demographic, reproductive,

medical and lifestyle factors. The cohort is resurveyed approximately every three to

five years. The study design and methods are described in detail elsewhere,147,148 and

questionnaires can be viewed online at http://www.millionwomenstudy.org (also see

Appendix A).

All participants have been flagged on the NHS Central Register (NHSCR), so the

study investigators are routinely notified of cancer registrations and deaths. The infor-

mation provided includes the date of the event (cancer registration or death), together

with the cancer site (coded using the 10th revision of the International Classification of

Diseases, ICD-10)151 and tumour morphology (coded using the second and third editions

of the International Classification of Diseases for Oncology, ICD-O).154,155 The Million

Women Study has also been linked to data from the National Cancer Intelligence Network

(NCIN), providing additional information on diagnostic histology codes, and on tumour

grade, for cases diagnosed in England up to 31st December 2013. For this study, tumour

histology and grade information from NCIN were used where available, to supplement

the NHSCR data.

All participants gave written consent to follow-up at recruitment. Ethical approval

was granted by the Oxford and Anglia Multi-Centre Research Ethics Committee (MREC
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97/01).

5.3.1.1 Exposure variables

Women in the study were asked at recruitment ‘Have you been sterilized (had your tubes

tied)?’, and if so, their age at sterilization (which was used for analyses of the timing of

sterilization).

5.3.1.2 Outcome

The outcome of interest was ovarian cancer (C56 in ICD-10).151 For histotype analyses,

the outcome was split into five histological groups: serous (ICD-O codes 8441-8442,

8451, 8460-8463, 9014), mucinous (ICD-O codes 8470-8490), endometrioid (ICD-O codes

8380-8381, 8560, 8570), clear cell (ICD-O codes 8310, 8313), and other.

For some exploratory analyses, tumour types were analysed separately by grade

(available for about 40% of all cases). Three-tier grading systems had generally been

used (including those outlined by FIGO (International Federation of Gynecology and

Obstetrics),168 WHO (World Health Organization),169 and Silverberg170), and the few

cases classified as ‘grade 4’ were grouped together with ‘grade 3’ tumours.

Serous tumours were divided into low-grade tumours (defined here as serous bor-

derline tumours (ICD-O codes 8442, 8451, 8462, 8463) or grade 1 serous carcinomas),

and high-grade serous carcinomas (defined here as grade ≥2 serous carcinomas). The

assumptions made in converting tumour grade information from the three-tier (grade

1-3) to the two-tier (low-grade vs high-grade) system for serous carcinoma were in line

with those used in other publications.23,54,171

Endometrioid tumours were not divided by grade, as there was not a strong a

priori reason to think that risk factors would be different for low-grade vs high-grade
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tumours (personal communication with Dr Sanjiv Manek, consultant histopathologist),

and numbers were relatively small.

Clear cell tumours were not divided by grade, as all clear cell ovarian cancers are

high-grade / grade 3, by definition.23,172,173

Mucinous tumours were split into mucinous borderline tumours (ICD-O codes 8472-

8473) and mucinous carcinoma (ICD-O codes 8470-8471 and 8480-8490); the mucinous

carcinomas were not further subdivided by tumour grade, as numbers were small.

5.3.2 Statistical analyses

As part of standard exclusions, women were excluded if they had missing information on

date of birth (n=29) or follow-up (n=61), or if the date of censoring at ONS was before

recruitment (n=57). Women were also excluded from these analyses if: (1) they had been

diagnosed with any invasive cancer other than non-melanoma skin cancer (ICD10 code

C44) prior to recruitment (n=44,829), (2) they reported at recruitment having had both

ovaries removed (bilateral oophorectomy), or if they were unsure whether they had or

not (n=170,769), or (3) they had missing data on tubal ligation (n=15,712) (see Figure

5.2).

The remaining women (N=1,132,914) contributed person-years from the date of re-

cruitment in to the study until the date of registration for ovarian cancer, the date of

death, or last date of follow-up (31st December 2013) – whichever was soonest. Women

were censored at diagnosis of any non-ovarian cancer (other than non-melanoma skin

cancer). For analyses exploring effects of the timing of tubal ligation, women were ex-

cluded if they had missing information on age at tubal ligation (n=14,684). About 1% of

participants had been lost to follow-up and such women are censored at the date when

they were lost, contributing person-years until then.
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Cox (proportional hazards) regression models were used to estimate hazard ratios

(referred to as relative risks (RRs)) of developing ovarian cancer by tubal ligation status.

Attained age was the underlying time variable. There was no evidence of significant

violation of the proportional hazards assumption, as assessed by graphical methods and

tests based on Schoenfeld residuals.

All analyses were stratified by geographical region (10 regions corresponding to the

areas covered by the cancer registries), and further adjusted for parity (0, 1, 2, 3+), use

of the oral contraceptive pill (OCP) (never, ever), family history of breast cancer (no,

yes), hysterectomy (no, yes), use of menopausal hormones (never, ever), body mass index

(BMI) (<25 kg/m2, 25-29 kg/m2, 30+ kg/m2), smoking history (never, past, current),

and quintiles of socioeconomic status (based on the Townsend deprivation index).157 All

adjustment variables were as reported at recruitment. For adjustment variables, missing

values were assigned to a separate category. Exposure information was either missing

or reported as unknown for ≤6% of women for all potential confounders. Sensitivity

analyses were conducted excluding all women with missing data on covariates within the

model.

Other factors (including alcohol consumption, physical activity, and age at menar-

che) were explored as potential confounders, but were not included in the final model as

their inclusion made no appreciable difference to the main estimate of effect.

Tests of heterogeneity in the relationship between tubal ligation and ovarian cancer

risk by histotype were performed using a competing risks approach.2

To explore possible effect modification of the main relationship between tubal liga-

tion and ovarian cancer, multiplicative interaction terms were modelled between tubal lig-

ation and each potential confounder in turn. Likelihood ratio tests were used to compare

the models with versus without the interaction terms. For these comparisons, analyses

were limited to participants without missing information on the potential effect-modifier
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of interest, and so numbers of cases will differ slightly.

Analyses were also conducted to explore possible effects of age and time with tubal

ligation, including age at, time since, and calendar year of tubal ligation, and whether

the tubal ligation was in the same year as the last birth or afterwards. All analyses of the

timing of tubal ligation were restricted to parous women, as there were very few nulli-

parous women who had had a tubal ligation. For these analyses (where comparisons are

made between more than two exposure categories), relative risks were treated as floated

absolute risks and are presented in figures with group-specific confidence intervals for the

log risk in each group (allowing comparisons to be made between any two categories,

even if neither is the reference group).159 Conventional 95% confidence intervals (CI) are

given in the text.

Analyses were performed in Stata-14.161 Tests of statistical significance were two-

sided. Figures were drawn in R162 using Matthew Arnold’s "Jasper" package.163
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Million Women Study Cohort
N=1,364,413

Not matched with ONS record
n= 42

Cancer diagnosis prior to recruitment
n= 44,829

Missing date of birth
n=29

Missing date of follow-up
or date of censoring before recruitment

n=61+57=118

Bilateral oophorectomy (or unknown/ unsure)
n=170,769

Unknown tubal ligation status
n=15,712

Study population for analyses of
Tubal Ligation and Ovarian Cancer

N=1,132,914
Ovarian cancers=8,031

Figure 5.2: Participants inclusion/exclusion flow diagram for analyses of tubal ligation and
ovarian cancer

5.4 Results

A total of 1,132,914 women, mean age at recruitment 56.1 (standard deviation (SD) 4.8)

years, were included in the analyses. At recruitment, 246,048 (22%) reported having had

a tubal ligation, at median age 35 (interquartile range (IQR) 31-38), and median year

1978 (IQR 1973-1982). Women who reported a previous tubal ligation were less likely

to be nulliparous (3% vs 13%), and were more likely to have used the oral contraceptive
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pill (70% vs 57%) and menopausal hormones (55% vs 45%), to have had a hysterectomy

(19% vs 14%), to be a current smoker (26% vs 18%), and to live in areas in the lower

third of socioeconomic status (38% vs 31%), compared to women without tubal ligation

(see Table 5.1).

The women were followed up for incident ovarian cancer over 15.6 million person-

years, with a mean duration of follow-up of 13.8 (SD 3.4) years per woman. During this

period, 8,031 incident ovarian cancers were registered, of which 3,517 (44%) were serous;

836 (10%) were mucinous; 590 (7%) were endometrioid; 401 (5%) were clear cell; and

2,687 (33%) were of other histological types (mostly unspecified epithelial tumours). The

mean age at diagnosis of ovarian cancer was 65.1 years (SD 6.4).

The relative risk of ovarian cancer amongst women with tubal ligation compared to

those without was 0.80 (95% CI: 0.76-0.85, p<0.001), after adjustment for age, region,

parity, family history of breast cancer, hysterectomy, socioeconomic status, body-mass

index, smoking, and use of contraceptive or menopausal hormones.

5.4.1 Variation by histotype

There was strong evidence of heterogeneity by histotype (see Figure 5.3; heterogeneity,

p=0.000002). Tubal ligation was associated with about a halving in the risk of endometri-

oid (RR: 0.45, 95% CI: 0.34-0.59) and clear cell tumours (RR: 0.55, 95% CI: 0.39-0.77),

and a lesser but still significant reduction in the risk of serous tumours (RR: 0.84, 95%

CI: 0.77-0.92), but there was no significant reduction in the risk of mucinous tumours

(RR: 0.99, 95% CI: 0.84-1.18).

When serous tumours were divided into low-grade serous tumours (serous borderline

tumours and low-grade serous carcinoma) and high-grade serous carcinoma, risks differed

significantly (heterogeneity, p=0.01). There was strong evidence that tubal ligation was
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associated with a reduction in the risk of high-grade serous carcinoma (n=1,682, RR:

0.80, 95% CI: 0.70-0.91), but not of low-grade serous tumours (n=447, RR: 1.12, 95%

CI: 0.89-1.42).

When mucinous tumours were split into borderline and fully-malignant subtypes,

there was little or no association between tubal ligation and the risk of either mucinous

borderline tumours (n=411, RR: 0.98, 95% CI: 0.76-1.25) or fully-malignant mucinous

carcinoma (n=425, RR: 1.01, 95% CI: 0.79-1.30).

A sensitivity analysis excluding all women with missing values in any of the adjust-

ment variables showed that the association between tubal ligation and ovarian cancer,

and the variation by histology, was not appreciably changed (data not shown).

5.4.2 Timing of tubal ligation

There was little or no variation in risk either by age at, year of, or years since tubal

ligation, or whether tubal ligation was performed in the same year as the last birth or

subsequently, for ovarian cancer overall, and for endometrioid and clear cell tumours (see

Figure 5.4).

Compared to women without tubal ligation, for serous tumours there was some

suggestion of a greater reduction in risk with tubal ligations performed ≤1974 (RR: 0.69,

95% CI: 0.59-0.81), than with those performed in 1975-1979 (RR: 0.93, 95% CI: 0.80-

1.07), or those performed in 1980 or later (RR: 0.84, 95% CI: 0.73-0.97), heterogeneity:

p=0.02. There was also some suggestion of a greater reduction in risk for women with a

time since tubal ligation of >25 years (RR: 0.77, 95%CI: 0.70-0.86) than for ≤25 years

since tubal ligation (RR: 0.94, 95%CI: 0.80-1.09), heterogeneity: p=0.04.

For mucinous tumours, there was a suggestion that the association with tubal liga-

tion varied by age at tubal ligation, and by timing of tubal ligation in relation to the last
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birth (see Figure 5.4). However, given that the overall association between tubal ligation

and risk of mucinous tumours was null, these apparent heterogeneous associations in

subgroup analyses may be due to chance and multiple testing.

5.4.3 Exploring possible effect modification

There was no significant variation in the association between tubal ligation and ovarian

cancer with parity, use of contraceptive or menopausal hormones, hysterectomy, age

at natural menopause, family history of breast cancer, smoking, socioeconomic status,

frequency of strenuous exercise, or alcohol intake (see Figure 5.5). There was some weak

evidence of heterogeneity by body mass index and age at menarche, although this may

well be due to chance, as multiple statistical tests were performed.
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Table 5.1: Characteristics of the study population at recruitment, and details of follow-up for
ovarian cancer, according to tubal ligation status

Tubal ligation

No Yes All women

Characteristics
Number of women 886,866 246,048 1,132,914
Mean (SD) age at recruitment (years) 56.3 (4.9) 55.3 (4.3) 56.1 (4.8)
Socioeconomic status, lower third, % (n) 30.5 (268,314) 38.0 (92,663) 32.1 (360,977)
Mean (SD) age at menarche 13.0 (1.6) 13.0 (1.6) 13.0 (1.6)
Nulliparous, % (n) 13.3 (117,319) 2.6 (6,352) 10.9 (123,671)
Ever use of oral contraceptive pill, % (n) 57.0 (501,857) 70.3 (171,546) 59.9 (673,403)
Current use of menopausal hormones, % (n) 44.5 (390,518) 54.9 (133,529) 46.7 (524,047)
Hysterectomy, % (n) 14.2 (126,054) 19.4 (47,579) 15.4 (173,633)
Mean (SD) age at natural menopause 49.3 (4.2) 48.7 (4.5) 49.1 (4.3)
Family history of breast cancer, % (n) 9.8 (82,101) 10.0 (22,781) 9.9 (104,882)
Mean (SD) body mass index (kg/m2) 26.0 (4.6) 26.6 (4.8) 26.1 (4.7)
Current smoker, % (n) 18.4 (153,773) 26.4 (61,264) 20.1 (215,037)
Strenuous exercise ≥once/week, % (n) 39.8 (340,538) 37.7 (89,266) 39.3 (429,804)
Alcohol intake, ≥7 units/week, % (n) 23.6 (207,870) 25.5 (62,130) 24.0 (270,000)

Follow-up for ovarian cancer incidence
Woman-years of follow-up for incidence (100,000s) 122.6 33.9 156.5
Mean follow-up time per woman (SD) 13.8 (3.4) 13.8 (3.3) 13.8 (3.4)
Number of incident ovarian cancers 6,689 1,342 8,031

Notes: Means and percentages are calculated excluding missing values for the variable of interest.

n: number of women. SD: standard deviation.
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Figure 5.3: Relative risk of ovarian cancer histotypes in women with versus without a history
of tubal ligation
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Figure 5.5: Relative risk of ovarian cancer amongst women with versus without tubal ligation,
by subgroups
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5.5 Discussion

These analyses in a large prospective cohort study with 8,031 incident cases of ovarian

cancer showed strong evidence that the risk of ovarian cancer associated with tubal

ligation varied by tumour histotype. A modest reduction in risk was found for the most

common histotype, serous tumours, as had been previously reported.1,127,167 However,

when serous tumours were split into low-grade serous tumours and high-grade serous

carcinoma, there were significant differences, with a 20% reduction in risk of high-grade

serous carcinoma, but no reduction in risk of low-grade serous tumours. This is the first

study to report a significant difference between the risks of low-grade versus high-grade

serous ovarian tumours associated with tubal ligation.

A pooled analysis of individual-patient data from 13 retrospective studies had re-

ported that tubal ligation was associated with a reduced risk of high-grade serous ovar-

ian cancer (OR: 0.80, 95% CI: 0.73-0.89; n=3,791), but this did not differ significantly

from the association with low-grade serous ovarian cancer (OR: 0.89, 95% CI: 0.65-1.22;

n=361).1 A pooled analysis of data from 21 prospective studies (13 of which had informa-

tion on tubal ligation, with about 4,000 cases of ovarian cancer) did not find a significant

reduction in the risk of serous carcinomas overall (RR: 0.91, 95% CI: 0.79-1.06), nor when

split into low-grade and high-grade tumours.27 [However, these results are not directly

comparable, as the authors of these studies did not choose to group serous borderline

tumours with low-grade serous carcinomas.]

Tubal ligation was associated with about a halving of the risk of endometrioid and

of clear cell tumours. Others have reported similar findings for endometrioid tumours:

although both endometrioid and clear cell tumours are sufficiently rare that relatively

few individual studies have reported significant associations with tubal ligation, meta-

analyses have been fairly consistent in finding that tubal ligation is associated with about
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a halving of risk of endometrioid tumours.1,27,127,167 Reported findings for clear cell tu-

mours from previous studies are mixed, perhaps because it is relatively uncommon. One

meta-analysis did not report separately for clear cell tumours, presumably because num-

bers were small.127 Those meta-analyses that have reported on the association between

tubal ligation and clear cell ovarian cancer have tended to find a reduction in risk,1,27,167

though sometimes with quite wide confidence intervals.

This analysis found little or no association between tubal ligation and the risk of

mucinous ovarian cancer, in keeping with some reports,27,127,167 though not others.1

5.5.1 Mechanisms

New hypotheses about the origins of ovarian cancer have provoked a reconsideration

of possible mechanisms underlying the reduced risk of ovarian cancer with tubal liga-

tion.1,127,174,175 The significant heterogeneity seen here between low-grade versus high-

grade serous tumours is consistent with the hypothesis that the two tumour subtypes

develop along distinct pathways, with the high-grade serous carcinomas thought to arise

from precursor lesions within the epithelium of the fimbrial end of the fallopian tubes,

while the serous borderline tumours and low-grade serous carcinomas may arise as part

of a different pathway, possibly involving epithelial inclusion cysts within the ovary21

(discussed in more detail in Chapter 2).

Surgical ligation of the fallopian tube might reduce the risk of high-grade serous

ovarian cancer, either by physically obstructing the passage of tubal cells towards the

ovary, or by collateral damage to the local tubal blood supply, with potential subsequent

effects on the tubal epithelium. In addition, some forms of tubal sterilization involve

removal of some or all of the tube, and/or disruption of the distal end of the tube – which

might have been more common in the past, and could possibly explain the significantly

greater risk reduction found for serous tumours for tubal ligations done before 1974.
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The apparent lack of an effect of tubal ligation for low-grade serous tumours is

consistent with the hypothesis that they have a different origin to high-grade serous

ovarian cancer. However, it is not entirely incompatible with a possible tubal origin for

low-grade serous tumours (for example, if the precursor cells of origin had already been

attached to the ovary before the tubal ligation occurred).

Some endometrioid and clear cell tumours are thought to develop from endometrio-

sis22,23 (also discussed in more detail in Chapter 2) and one might speculate that the

almost halving of risk seen with tubal ligation could be due to the blocking of retrograde

menstruation through the fallopian tubes to the ovaries and pelvis. It could also reflect

the blocking of the transport of carcinogens up the tubes to the ovaries and pelvis.

For any mechanism that involved the blockage of the passage of carcinogens or cells

(whether from the endometrium or fallopian tube) along the tube, one might expect

the association with tubal ligation to vary by timing (e.g. a greater reduction in risk

for tubal ligation performed at a younger age, or longer ago). However, we found no

suggestion of any association with the timing of tubal ligation for ovarian cancer overall

or for endometrioid and clear cell tumours, and only limited evidence of an association

with the year of, and years since, tubal ligation for serous tumours. These findings are

in keeping with most, but not all, previous studies.1,127,167

5.5.2 Strengths and weaknesses

This study has several strengths, in addition to the large sample size and number of cases.

In particular, the prospective collection of exposure data helped to prevent differential

recall of tubal ligation or other factors amongst women with and without cancer. The use

of routinely-collected national data for follow-up and ascertainment of incident ovarian

cancer resulted in few participants being lost to follow-up. The prospective study design

also facilitated the involvement of women with more aggressive tumour types, who might

59



CHAPTER 5. TUBAL LIGATION AND RISK OF OVARIAN CANCER
HISTOTYPES

not be included in retrospective studies, as there can be a substantial time lag between

cancer diagnosis and recruitment to a retrospective study. The high prevalence of tubal

ligation (22%) was also an advantage in terms of statistical power. By comparison,

a nationwide prospective study in Denmark, with 13,241 cases of ovarian cancer, was

relatively under-powered due to the rarity of tubal ligation in that population (around

3%).175

One weakness of the study is that, despite being based on probably the largest

prospective cohort of its kind, it nevertheless became underpowered for some subgroup

analyses. This was particularly evident in analyses of the timing of tubal ligation by

histological subtype, when there were very few cases of endometrioid or clear cell ovarian

cancer in some of the timing subgroups.

Another potential weakness of the study was the absence of central histopatholog-

ical review of ovarian cancer cases, for standardization and incorporation of the latest

diagnostic criteria. The distribution of histotypes amongst the cases in this study was

consistent with those from other population-based studies, with serous tumours account-

ing for around 65% of those of the four main histotypes, endometrioid tumours for 11%,

mucinous 15%, and clear cell 7% (by way of comparison, the corresponding percentages

from the EPIC cohort are: 67% serous, 13% endometrioid, 14% mucinous, and 6% clear

cell176). This distribution is slightly different to that reported by two hospital-based

studies of ovarian cancer cases, in both of which mucinous tumours accounted for only

around 3% of cases;177,178 this may reflect differences in the study populations (North

America vs Europe), or historical differences in diagnostic criteria (for example, mucinous

tumours in this cohort might include some metastases from the gastrointestinal tract).

One particular issue with the absence of central histopathological review was re-

garding the classification of serous carcinomas: although these would traditionally have

been graded on a three-tier system (low, medium and high grade), new classification
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systems are binary, with low-grade and high-grade serous carcinomas now considered to

be different entities. In the absence of central review, we had to assume that Grade 1

serous carcinomas would correspond to low-grade, while Grade 2+ would correspond to

high-grade; although these assumptions are in line with other studies, it is nevertheless

likely that Grade 2 serous carcinomas include some misclassified low-grade tumours. If

so, one might expect this misclassification to mask any true differences in association

between low-grade and high-grade serous carcinomas - although in fact heterogeneity

was observed between them in their associations with tubal ligation.

33% of ovarian cancers in this study were not recorded as being of one of the four

main histotypes (serous, endometrioid, clear cell or mucinous). Of these, 87% were ep-

ithelial tumours of other, mixed, or unspecified type (mostly unspecified adenocarcinoma,

ICD-O code 8140, or unspecified carcinoma, ICD-O code 8010), 9% were unspecified ma-

lignant tumours (ICD-O code 8000), and 4% were non-epithelial tumours. Given that

high-grade serous carcinoma is the most common histotype of ovarian cancer, it seems

likely that many of the tumours listed as unspecified carcinoma/ adenocarcinoma are

in fact high-grade serous tumours. This would be supported by the observation that

tubal ligation is associated with a similar reduction in risk of other/unspecified ovarian

cancer (RR: 0.81, 95% CI: 0.73-0.90) as of high-grade serous carcinoma (RR: 0.80, 95%

CI: 0.70-0.91).

5.5.3 Conclusion

These analyses have confirmed in the largest prospective study to date that tubal ligation

is associated with a reduced risk of ovarian cancer overall, with significant heterogeneity

by histological tumour type. Tumour histology may have been classified in somewhat

different ways by different pathologists. Any such misclassification would tend to blur

differences by tumour histotype, yet distinctly heterogeneous risks were found. This
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argues strongly for causality, as it confirms that the variation in risk associated with

tubal ligation is not due just to confounding, and strengthens hypotheses that different

histotypes of ovarian cancer have different causes. In particular, the significant reductions

in risk seen with tubal ligation for high-grade serous carcinomas, and the even more

substantial reductions in risk for endometrioid and clear cell carcinomas, are consistent

with hypotheses that many cases of these histotypes may arise from sites other than the

ovary.
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Chapter 6

Tubal ligation and risk of 26 site-specific

cancers

Please note that much of the material in this chapter has been published in a Brief Com-

munication in the British Journal of Cancer,179 see Appendix C.2.

6.1 Introduction

As shown in Chapter 5, women who have undergone tubal ligation (female sterilization)

are at a reduced risk of ovarian cancer, with an association that varies by histological

tumour type. Other investigators have reported on associations between tubal ligation

and risk of cancers at other sites, with varied results. For example, associations have

been described with breast,180,181 endometrial,182 cervical183 and anal cancers.5

However, few studies have been able to explore associations with cancers of the

peritoneum and fallopian tube (which might be particularly interesting to investigate, as

the most common forms of these cancers are high-grade serous tumours, histologically

and clinically similar to those of the ovary), as they are diagnosed relatively rarely.
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A few previous reports regarding tubal ligation and cancer risk come from prospec-

tive studies, investigating associations between tubal ligation and several different cancer

types (for example, a prospective study in Shanghai, which reported on associations be-

tween tubal ligation and 11 cancer types,184 and a register-based study in Denmark,

which reported on tubal ligation and the risk of several gynaecological cancers182). How-

ever, the majority of results come from cancer-specific retrospective studies.

6.2 Aim

The aim of this study is to systematically examine associations between tubal ligation

and risk of common or relevant cancers (i.e. any cancer for which we had 500 or more

cases, plus fallopian tube cancers) in the Million Women Study. This would be useful not

only in obtaining reliable evidence of the true association between tubal ligation and risk

of these specific cancers, but would also provide supportive information when considering

the possible mechanisms behind the known reduction in risk of ovarian cancer.

6.3 Methods

The methods of recruitment and follow-up for the Million Women Study have been

described in detail in Chapter 4, and are summarised below.

6.3.1 Study design, data collection and follow-up

The Million Women Study is a prospective study of 1.3 million UK women, recruited in

1996-2001, at the time of invitation for breast cancer screening. Participants completed

a questionnaire at recruitment, on socio-demographic, reproductive and lifestyle factors.

The study design and methods have been described previously147,148 and questionnaires

can be viewed online at http://www.millionwomenstudy.org (also see Appendix A).
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Follow-up information for outcomes (cancer registrations and deaths) came from the

NHS Central Register (on which all MWS participants are ‘flagged’). The information

provided includes the date of registration and cancer site (coded using the 10th revision

of the International Classification of Diseases, ICD-10151). All participants gave written

consent to follow-up at recruitment. Ethical approval was granted by the Oxford and

Anglia Multi-Centre Research Ethics Committee (MREC 97/01).

6.3.1.1 Exposure variable

Information on tubal ligation status was taken from responses to the question ‘Have you

been sterilized (had your tubes tied)?’ on the recruitment questionnaire.

6.3.1.2 Outcomes

Analyses were run separately for each of twenty-six cancer types or sites, defined by ICD-

10 code, and for all cancer (any invasive cancer other than non-melanoma skin cancer,

ICD-10 C44). Analyses were limited to cancer types for which 500 or more cases with an

identified primary site had accrued. In addition, an analysis was conducted for fallopian

tube cancers (ICD-10 C57.0), despite having fewer than 500 cases, as there is a reasonable

prior hypothesis that surgery to the fallopian tube might affect the incidence of cancer

at this site.

6.3.2 Statistical analysis

Women were excluded as standard if they did not match with the ONS records (n=42),

if they had missing information on date of birth (n=29) or follow-up (n=61), if their

date of censoring at ONS was prior to recruitment (n=57), or if they had invasive cancer

other than non-melanoma skin cancer (ICD10 code C44) prior to recruitment (n=44,829).
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Women were also excluded from these analyses if they had missing data on tubal ligation

(n=40,612) (see Figure 6.1). The remaining women (N=1,278,783) contributed person-

years from the date of recruitment until the earliest of the date of registration of any

cancer (other than non-melanoma skin cancer), the date of death, or last date of follow-up

(31st December 2013). About 1% of participants were lost to follow-up and contributed

person-years until the date they were lost.

Cox (proportional hazards) regression models were used to estimate hazard ratios

(referred to as relative risks (RRs)) of developing a given cancer by tubal ligation status.

Attained age was the underlying time variable. All analyses were stratified by geo-

graphical region (10 regions corresponding to the areas covered by the cancer registries)

and quintiles of socioeconomic status (based on the Townsend deprivation index),157

and additionally adjusted for parity (0, 1, 2, 3+), age at first birth (<20, 20-24, 25-29,

30+), smoking (never, past, current <10 cigarettes/day, current 10-19 cigarettes/day,

current 20+ cigarettes/day), average alcohol intake per week (none, ≤ 7 units, >7 & ≤

14 units, >14 units), frequency of strenuous exercise (<once/week, ≥ once/week), use

of menopausal hormones (never, ever), use of the oral contraceptive pill (never, ever),

hysterectomy (no, yes), and body mass index (<25 kg/m2, 25-29 kg/m2, 30+ kg/m2).

All adjustment variables were as reported at recruitment. For adjustment and

stratification variables, missing values were assigned to a separate category. Exposure

information was either missing or reported as unknown for <5% of women for all potential

confounders. Analyses of ovarian cancer risk were restricted to women without bilateral

oophorectomy; those of endometrial and cervical cancer were restricted to women without

hysterectomy; those of fallopian tube cancer were restricted to women without either

bilateral oophorectomy or hysterectomy (as the fallopian tubes might potentially be

removed as part of either surgery). Analyses were performed in Stata-14.161 Figures

were drawn in R162 using Matthew Arnold’s "Jasper" package.163

66



CHAPTER 6. TUBAL LIGATION AND RISK OF 26 SITE-SPECIFIC
CANCERS

Million Women Study Cohort
N=1,364,413

Not matched with ONS record
n= 42

Cancer diagnosis prior to recruitment
n= 44,829

Missing date of birth
n=29

Missing date of follow-up
or date of censoring before recruitment

n=61+57=118

Unknown tubal ligation status
n=40,612

Cohort for analyses of
Tubal Ligation and All Cancers

N=1,278,783

Figure 6.1: Participants inclusion/exclusion flow diagram for analyses of tubal ligation and all
cancers

67



CHAPTER 6. TUBAL LIGATION AND RISK OF 26 SITE-SPECIFIC
CANCERS

6.4 Results

The study population included 1,278,783 women without prior cancer, with a mean age

of 56.1 (SD 4.9) at recruitment. 23% of participants (294,724) reported a tubal ligation,

at an average age of 34.5 (SD 5.3).

Table 6.1 shows baseline characteristics of the cohort by tubal ligation status. Tubal

ligation status was associated with considerable differences in other lifestyle and repro-

ductive factors. Compared to women without a tubal ligation, women who reported a

tubal ligation were more likely to be in the lowest quintile of socioeconomic status (25%

vs 18%), to have used the oral contraceptive pill (70% vs 57%) or menopausal hormones

(58% vs 48%), and to be a current smoker at recruitment (27% vs 19%), and were less

likely to be nulliparous (3% vs 13%).

After a mean follow-up of 13.8 years (SD 3.4), a total of 167,430 cancers had been

registered. The average age at cancer diagnosis was 65.6 years (SD 6.5). There was no

association between tubal ligation and risk of all cancers combined (RR: 1.00, 95% CI:

0.98-1.01).

Figure 6.2 displays adjusted RRs and 95% confidence intervals (CIs) of 26 site- or

type-specific cancers amongst women with versus without tubal ligation. As previously

seen in Chapter 5, there was a 20% reduction for ovarian cancer risk (RR: 0.80, 95%

CI: 0.76-0.85; p<0.001). Interestingly, there was a reduction of similar magnitude for

peritoneal cancers (RR: 0.81, 95% CI: 0.66-0.98; p=0.03) (ICD-10 code C48, includ-

ing retroperitoneal cancers). There was also a large reduction in risk of cancers of the

fallopian tube, but confidence intervals were wide (RR: 0.60, 95% CI: 0.37-0.96; p=0.04).

A small increase in risk of lung cancer was noted (RR: 1.09, 95% CI: 1.05-1.13;

p<0.001). This may well be due to residual confounding from smoking – as women with

tubal ligation were more likely to be current smokers (27% vs. 18%), and to smoke more
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cigarettes per day (7% vs 4% smoking 20+/day), than women without tubal ligation.

When an interaction term was modelled between smoking and tubal ligation, there was no

association between tubal ligation and lung cancer risk amongst never-smokers (RR: 1.04;

95% CI: 0.91-1.19), although there was no evidence that the association between tubal

ligation and lung cancer risk varied significantly by smoking status (p-heterogeneity=0.3)

(see Figure 6.3). Given the strength of the association between smoking and lung can-

cer,104 even a relatively small failure to fully capture smoking history might well lead to

substantial residual confounding of an association with lung cancer.

There was an increased risk of anal cancer (RR: 1.34, 95% CI: 1.11-1.63; p=0.002),

as has been previously reported in analyses of this cohort.5 This association persisted

after restricting the analysis to never-smokers (RR: 1.49, 95% CI: 1.08-2.06; p=0.01), and

(in a separate analysis) to never-users of the oral contraceptive pill (RR: 1.72, 95%CI:

1.21-2.47; p=0.003), although the reduction in statistical power meant that confidence

intervals were wide.

There were no significant associations between tubal ligation and risk of cancers at

the other sites, including endometrial (RR: 0.98, 95% CI: 0.93-1.03), cervical (RR: 0.98,

95% CI: 0.83-1.15), breast (RR: 0.99, 95% CI: 0.97-1.01) and colorectal cancers (RR:

0.99, 95% CI: 0.96-1.03).
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Table 6.1: Characteristics of the study population at recruitment, and details of follow-up,
according to tubal ligation status

Tubal ligation

No Yes All women

Characteristics
Number of women 984,059 294,724 1,278,783
Mean (SD) age at recruitment (years) 56.3 (5.0) 55.4 (4.3) 56.1 (4.9)
Socioeconomic status, lowest quintile, % (n) 18.1 (176,985) 25.1 (73,503) 19.7 (250,488)
Nulliparous, % (n) 13.3 (130,818) 2.6 (7,558) 10.8 (138,376)
Ever use of oral contraceptive pill, % (n) 56.5 (551,799) 69.5 (202,511) 59.5 (754,310)
Ever use of menopausal hormones, % (n) 47.5 (463,250) 58.2 (169,199) 50.0 (632,449)
Hysterectomy, % (n) 21.9 (215,280) 29.1 (84,514) 23.6 (299,794)
Mean (SD) body mass index (kg/m2) 26.1 (4.6) 26.7 (4.9) 26.2 (4.7)
Current smoker, % (n) 18.5 (171,593) 26.9 (74,647) 20.4 (246,240)
Strenuous exercise ≥ once/week, % (n) 39.5 (375,006) 37.1 (105,032) 38.9 (480,038)
Alcohol intake, ≥ 7 units/week, % (n) 23.3 (227,830) 24.8 (72,471) 23.7 (300,301)

Follow-up for cancer incidence
Woman-years of follow-up for incidence (100,000s) 136.0 40.5 176.5
Mean follow-up time per woman (SD) 13.8 (3.4) 13.8 (3.3) 13.8 (3.4)
Number of incident cancers 129,531 37,899 167,430

Notes: Means and percentages are calculated excluding missing values for the variable of interest.

n: number of women. SD: standard deviation.
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Figure 6.2: Relative risk of 26 site- or type-specific cancers in women with versus without a
history of tubal ligation

71



CHAPTER 6. TUBAL LIGATION AND RISK OF 26 SITE-SPECIFIC
CANCERS

0.5 1.0 2.0

1.04 (0.91, 1.19)

1.16 (1.07, 1.25)

1.10 (1.05, 1.14)

Relative Risk (95% CI)

Never

Past

Current

20

24

30

1,438

3,618

11,458

Heterogeneity: c2
2=2.5 (p=0.3)

Tubal
ligation(%) Cases

Smoking
status

Figure 6.3: Relative risk of lung cancer in women with versus without a history of tubal ligation,
by smoking status
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6.5 Discussion

This is the largest and most comprehensive analysis to date of the association between

tubal ligation and subsequent risk of cancer. The results showed that tubal ligation was

significantly associated with reduced risks of ovarian, peritoneal, and fallopian tube can-

cers and an increased risk of anal cancer, but was not associated with breast, endometrial

or cervical cancer, as had been suggested by others.

6.5.1 Tubal ligation and risk of ovarian, peritoneal and fallopian tube

cancers

The reduction in ovarian cancer risk has been reported previously, as summarised in sev-

eral meta-analyses.1,127,167 As shown in Chapter 5 (and published156), there is significant

heterogeneity by histological type of ovarian cancer: tubal ligation was associated with

a modest reduction of serous tumours overall (RR: 0.84, 95% CI: 0.77-0.92), and about

a 20% reduction in risk of high-grade serous carcinoma, but almost a halving of risk of

endometrioid and clear cell tumours. These findings are consistent with recent hypothe-

ses regarding different origins of the ovarian cancer histotypes, including the suggestion

that many cases of high-grade serous ovarian cancer may arise from precursor lesions

within the fallopian tubes, while some endometrioid and clear cell tumours may develop

from endometriosis.21,22 Although the precise mechanism by which tubal ligation reduces

the risk of ovarian cancer is unclear, part of the explanation may well be that it acts

as a physical barrier to pro-cancerous substances passing through the fallopian tubes to

the ovaries (whether endometriosis, fallopian tube epithelial cells, infectious agents, or

exogenous carcinogens).

Few other studies have reported on the association between tubal ligation and risk

of peritoneal cancer, and they have tended to be limited by the number of cases. This
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analysis included 730 cases of peritoneal cancer; two small retrospective studies have

reported their findings – one study of 62 cases found no association;185 and another of

22 cases reported a reduced risk.117,186

To my knowledge, this is the first study to report that tubal ligation is associated

with a significant reduction in risk of fallopian tube cancer, as few previous studies have

had sufficient cases to be able to explore this relatively rare malignancy. A registry-

based study in Finland found that tubal ligation was associated with a non-significant

reduction in risk of fallopian tube cancer (OR: 0.74, 95% CI: 0.42-1.30), in a multivariate

analysis including 189 cases and 1764 controls.187 An international retrospective study,

including 103 cases of fallopian tube cancer and 980 matched controls, also found that

tubal ligation was associated with a non-significant reduction in risk of fallopian tube

cancer (OR: 0.64, 95% CI: 0.31-1.28).188

The finding that tubal ligation is associated with a reduction in risk of ovarian, peri-

toneal and fallopian tube cancers perhaps reflects their histological and clinical similarity,

and possible similar site of origin.23 The majority of the peritoneal and fallopian tube

cancers with specified histology were serous carcinomas, which is also the most common

histotype of ovarian cancer.156 There is increasing evidence from histological, molecular

and genetics studies that many high-grade serous carcinomas found in the ovary or peri-

toneum may have originated from precursor lesions in the fallopian tube.189,190 While

the observation that tubal ligation is associated with a reduction in the risk of all three

cancer types (ovarian, peritoneal and fallopian tube) does not prove that many of the

cancers at these sites share a common origin in the fallopian tube epithelium, it would

be consistent with this hypothesis.

As the majority of the putative precursor lesions for high-grade serous cancers are

found within the fimbrial end of the fallopian tube,40,50 adjacent to the ovary, it is perhaps

surprising that tubal ligation (which normally involves surgery to the mid-portion of the
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tube) should reduce the risk of such tumours. It may be that, historically, many surgical

sterilization procedures involved cutting and removing a portion of the fallopian tube,

rather than simply clipping the tube (as is now more common).

Removal of the fallopian tubes (bilateral salpingectomy) may confer a greater risk

reduction of ovarian cancer than tubal ligation alone: one cohort study in Sweden,191

and two case-control studies in Denmark175 and the USA,192 all found estimates of

effect that suggested a greater risk reduction for bilateral salpingectomy than for simple

tubal sterilization. However, for all three studies, confidence intervals were wide and

overlapping, so that there was not a significant difference in the associations with the

two procedure types. A recent meta-analysis of these studies estimated that bilateral

salpingectomy was associated with about a halving of risk of ovarian cancer (OR: 0.51,

95% CI: 0.35-0.75).193

One of the limitations of this study is that the available data do not have information

on the type of surgical procedure performed, which makes it impossible to explore possible

differences in association between different surgical techniques. Although MWS is linked

to electronic hospital records, which provide surgical procedure codes, we only have

hospital records for England from April 1997. Given that the median year of tubal

ligation surgery in the MWS cohort is 1978 (with 99% of procedures occurring by 1992),

data that only start in 1997 would not capture these procedures.

Alternatively, it may be that surgery causes local vascular changes with consequent

effects on the tubal epithelium. Unfortunately, it would be very difficult (if not impos-

sible) to investigate this hypothesis using routine clinical samples. One might posit an

experiment in which one examines the fallopian tubes of women who have undergone

tubal ligation, and then subsequently had the remainder of their fallopian tubes removed

(e.g. as part of a hysterectomy and bilateral salpingoophorectomy), compared to women

whose fallopian tubes were removed without prior tubal ligation. However, while such
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specimens may exist, it would be difficult to ensure an unbiased comparison - as the rea-

son for the subsequent removal of the tubes is likely to be serious disease (e.g. actual or

suspected cancer). Any such serious disease might well be a more plausible explanation

of any changes one found in the fallopian tubes, rather than a post-ligation effect.

6.5.2 Tubal ligation and risk of other cancers

For endometrial cancer, a reduced risk associated with tubal ligation was reported in

a Danish cohort,182 but we and others have not replicated this association.194,195 One

group of investigators reported that tubal ligation was associated with an increased risk

of cervical cancer,183 but again, neither other findings nor ours replicated this.196

Reports of the relationship between tubal ligation and breast cancer risk have been

varied, including suggestions of either a reduced181,197 or increased risk,180 although

the majority of studies reported no significant association,184,198–203 consistent with our

findings.

The risk factors for anal cancer in the Million Women Study have previously been

reported on in detail;5 factors associated with an increased risk of anal cancer included

tubal ligation, nulliparity, smoking, use of the oral contraceptive pill, and not living

with a partner. The strongest association was with a history of cervical intraepithelial

neoplasia grade 3 (RR: 4.03, 95% CI: 2.59-6.28), reflecting the importance of high-risk

strains of human papilloma virus (HPV) as causative agents of both cervical,204 and

anal205 cancers.

It is unclear why tubal ligation should be associated with an increased risk of anal

cancer, and it may be that this apparent association reflects residual confounding. Our

observation that the association persisted even when analyses were restricted to never-

smokers, or never-users of the oral contraceptive pill, indicates that these factors (al-
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though both associated with tubal ligation and risk of anal cancer) are unlikely to be

responsible for the association between tubal ligation and anal cancer risk. Given the

importance of the human papilloma virus as a causative agent of anal cancer, one possi-

ble alternative explanation would be confounding by sexual behaviour and exposure to

HPV. For example, as tubal ligation is usually performed for permanent contraception, it

is likely to be more common amongst women who are sexually active, and who thus may

be more likely to be exposed to sexually-transmitted infections, such as HPV, and the

consequent increased risk of anal cancer. However, we did not find that tubal ligation was

associated with other HPV-driven cancers (e.g. cervical cancer). As the Million Women

Study questionnaire did not ask for information on sexual activity or sexual history, it

was not possible to explore this further.

There have been reports on possible relationships between tubal ligation and other

cancers, including possible reductions in risk of colorectal206,207 and stomach cancer,184

and increased risks of thyroid cancer208 and lymphatic and haematopoietic malignan-

cies.182 This analysis in the Million Women Study did not replicate any of these findings.

The observation that tubal ligation is strongly associated with reduced risks of

ovarian, peritoneal and fallopian tube cancers, but is not associated with reduced risks

of other hormonally-driven cancers (such as breast or endometrial cancers) might help

to point to a possible mechanism of action (assuming the association to be causal). If

tubal ligation acted to reduce the risk of ovarian cancer primarily by impairing the blood

supply to the ovary, and so reducing ovarian hormone levels (as has been suggested by

some authors209–211), then one might expect tubal ligation also to reduce the risks of

the other hormonally-driven cancers. The fact that it does not (at least in these data)

suggests that an alternative mechanism is at work. For example, tubal ligation may act

as a barrier to pro-cancerous agents (whether fallopian tube epithelial cells, endometrial

cells - or potentially even exogenous agents or microbes) passing through the fallopian
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tubes to reach the ovary and peritoneal cavity.

6.5.3 Strengths and weaknesses of this study

As discussed previously, the strengths of the Million Women Study include its large size

(limiting random error due to chance), and its prospective design (limiting systematic

error due to bias), together with its detailed information on many factors, allowing for

statistical adjustment for many potential confounding variables. The prospective design,

with outcome data including incident cancers of any type, is also essential for this type

of comprehensive analysis, exploring associations between a single exposure and multiple

different outcomes, using standardised analysis methods.

In the case of analyses of tubal ligation and cancer risk, the Million Women Study

has the added strength that tubal ligation was a relatively common procedure in this co-

hort (23% of women reported having had a tubal ligation). By comparison, a nationwide

register-based study in Denmark was relatively under-powered due to the rarity of tubal

ligation in that population (around 3%).175

As previously mentioned, one of the weaknesses of the study is the absence of de-

tailed information on the type of surgical procedure performed. This precludes any

investigation of whether partial or complete resection of the fallopian tube (salpingec-

tomy) is associated with a greater reduction in risk than simple occlusion (e.g. with

clips). This would be of interest, as there have been several studies suggesting that bilat-

eral salpingectomy may be associated with a reduced risk of ovarian cancer (as discussed

above).
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6.5.4 Conclusion

The large size of the cohort, the individual information on possible confounding factors,

and the complete and long follow-up, provided reliable estimates of risks associated with

tubal ligation for 26 specific cancer sites, even relatively uncommon ones. No association

was found between tubal ligation and the risk of cancers of the endometrium, breast, or

cervix. By contrast, tubal ligation is associated with a clear reduction in risk of ovarian

cancer, a reduction of similar magnitude of peritoneal cancer, and a reduction of fallopian

tube cancer. That tubal ligation is associated with a reduced risk of cancers of the ovary,

peritoneum and fallopian tube, but not of other hormonally-related cancers, is consistent

with the hypothesis that many of the cancers at these sites have a shared origin in the

fallopian tube, and that tubal ligation reduces cancer risk by acting as a barrier to cells,

carcinogens or other agents reaching the ovary and peritoneal cavity, rather than by

affecting hormone levels.
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Chapter 7

Reproductive factors and risk of

ovarian cancer histotypes

7.1 Introduction

Many epidemiological studies have reported a reduced risk of ovarian cancer amongst

women who have had children (parous), finding decreasing risk with increasing parity

(number of births).20,107–122

Long durations of breastfeeding have also been associated with a reduced risk of

ovarian cancer,123–125 although there is considerable heterogeneity in the findings, not

all of which adjusted adequately for parity, which is highly correlated with total duration

of breastfeeding. The World Cancer Research Fund’s Continuous Update Project has

concluded that "The evidence suggesting that breastfeeding protects against ovarian

cancer is limited."126

The majority of cases of ovarian cancer are epithelial tumours, of which the most

common histological type is high-grade serous carcinoma (about 60%); the next most

common histotypes are endometrioid, clear cell, mucinous, and low-grade serous carci-
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nomas, each of which accounts for less than 20% of the total.212 Recent evidence from

histopathological and genetic studies suggests that the different histotypes of ovarian can-

cer may have distinct, possibly extra-ovarian, origins. For example, it is suggested that

many high-grade serous tumours may arise from precursor lesions within the fallopian

tubes, while some endometrioid and clear cell tumours may develop from endometriosis21

(discussed in more detail in Chapter 2). Many factors, including use of oral contracep-

tives,19 use of menopausal hormones,18 and smoking103 show variation in risk by ovarian

tumour histotype (see Chapter 3).

Some108,112,119,122 but not all20,111,113 epidemiological studies have reported that

some associations between childbearing patterns and ovarian cancer varied by histotype,

although few formally tested for heterogeneity in this and there is little consistency in the

findings across studies.20,108,111–113,119,122 No single previous study included more than

2,000 cases of ovarian cancer, too few to examine reliably for heterogeneity by histotype

(a record-linkage Swedish study was larger but had extremely limited information on

potential confounders - only age at diagnosis and age at first birth were adjusted for107).

The largest pooled analysis of retrospective studies included 5,566 cases of ovarian

cancer, and results on parity and risk of ovarian cancer histotypes were reported just as

part of an analysis of a genetic risk score in relation to environmental factors.26 A recent

pooled analysis of 21 prospective studies from the Ovarian Cancer Cohort Consortium,

including 5,584 cases of invasive epithelial ovarian cancer, found strong evidence of an

association between parity and ovarian cancer risk, with heterogeneity by histotype, but

no significant association with breastfeeding, either overall or by histotype.27

Large numbers are needed to examine reliably the association between reproductive

factors (parity and breastfeeding) and risk by ovarian cancer histotype, and so this chap-

ter reports findings from a prospective study of one million UK women with over 8,700

incident cases of ovarian cancer.
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7.2 Aim

This chapter investigates the association between childbearing patterns (parity and breast-

feeding) and risk of ovarian cancer histotypes. The main aim of these analyses was to

look separately at nulliparity compared to women with one child (para-1), and then by

number of births amongst parous women.

7.3 Methods

The methods of recruitment and follow-up for the Million Women Study have been

described in detail in Chapter 4, and are summarised below.

7.3.1 Study design, data collection and follow-up

The Million Women Study is a cohort of 1.3 million UK women, aged 50-64 at the

time of recruitment (1996-2001). Participants were invited to take part in the study

via letters sent with invitations to attend mammographic screening for breast can-

cer. The women completed questionnaires at recruitment, including information on

reproductive, sociodemographic, and health factors. The study methods have been

described in detail elsewhere,147,148 and study questionnaires can be viewed at http:

//www.millionwomenstudy.org.

Follow-up was via record linkage to the National Health Service Central Register

(NHSCR), based on unique NHS number and other personal identifiers: all participants

were ‘flagged’, so that the study investigators were routinely notified of cancer regis-

trations or deaths. Cancer diagnoses were coded by NHSCR using the 10th revision of

the WHO International Classification of Diseases (ICD-10),151 with morphology codes

from the 2nd and 3rd edition of the International Classification of Diseases for Oncology
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(ICD-O).154,155

All participants gave written consent to follow-up at recruitment. The study re-

ceived ethical approval from the Oxford and Anglia Multi-Centre Research Ethics Com-

mittee (MREC 97/01).

7.3.2 Exposure variables

Information on reproductive factors was taken from the recruitment questionnaire. Par-

ity was defined by the number of full-term pregnancies, as reported in response to the

question: "How many children have you had? (please include stillbirths; it is not nec-

essary to include miscarriages)". Women were also asked to record the date of birth of

each child, which was used for analyses of the woman’s age at first or last birth.

Total duration of breastfeeding was calculated as the sum of the duration of breast-

feeding for all children, as reported in response to the question: "for how many months

did you breastfeed each child, if at all?" [Note that the question on breastfeeding was

only added to the questionnaire after about 10% of the cohort had been recruited, and

thus information is missing for this first batch of women].

7.3.3 Outcome

The outcome of interest was ovarian cancer (ICD-10 C56). For analyses of histotype,

the outcome was split into the four most common specific histological groups: serous

(ICD-O codes 8441-8442, 8451, 8460-8463, 9014), mucinous (ICD-O codes 8470-8490),

endometrioid (ICD-O codes 8380-8381, 8560, 8570), and clear cell (ICD-O codes 8310,

8313); the remainder of cases were classified as other/ unspecified.

For some analyses, serous and mucinous tumours were further subdivided, as pre-

viously described156 (also see Chapter 5). Serous tumours were divided into low-grade
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tumours (defined here as borderline serous tumours (ICD-O codes 8442, 8451, 8462,

8463) or grade 1 serous carcinomas), and high-grade serous carcinomas (defined here as

grade ≥2 serous carcinomas). Mucinous tumours were split into mucinous borderline

tumours (ICD-O codes 8472-8473) and mucinous carcinomas (ICD-O codes 8470-8471

and 8480-8490); the mucinous carcinomas were not further subdivided by tumour grade,

as numbers were small.

7.3.4 Statistical analyses

As part of standard exclusions, women were excluded if they had been diagnosed with any

invasive cancer (other than non-melanoma skin cancer, ICD-10 C44) prior to recruitment

(n=44,775), if they had missing information on follow-up date (n=81) or if their date

of censoring at ONS was prior to recruitment (n=60). For this analysis, women were

also excluded if they reported a previous bilateral oophorectomy (or were unsure, or

the information was missing) (n=170,772); or if they had missing information on parity

(n=3,883) (see Figure 7.1).

The remaining women (N=1,144,762) contributed person-years from the date of

recruitment into the study until the date of registration for ovarian cancer, the date of

death, or last date of follow-up (31st December 2014) – whichever was soonest. Women

were censored at diagnosis of any cancer (other than non-melanoma skin cancer). About

1% of participants were lost to follow-up by the end of 2014 and such women are censored

at the date when they were lost, contributing person-years until then.

Cox proportional hazards models were used to estimate hazard ratios (referred to as

relative risks (RRs)) of ovarian cancer according to parity, age at first or last birth, and

breastfeeding. Attained age was the underlying time variable. There was no evidence

of significant violation of the proportional hazards assumption, as assessed by graphical

methods and tests based on Schoenfeld residuals (data not shown).
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Analyses examined associations with parity, either as a binary variable (nulliparous

compared to parous), or as an ordered categorical variable (1, 2, 3, 4, 5+) in parous

women. [Note that for the purpose of plotting graphs, some analyses were also run

with parity grouped as 1, 2, 3, 4+.] A piecewise regression model was used to test for

heterogeneity in the magnitude of the reduction in risk between para-1 versus nulliparous

compared to the RR per birth for subsequent births, and allowed a single model to be

used to examine these two associations simultaneously, whilst allowing the coefficients

for the two associations to be different. Analyses of the relative risk per additional birth

were restricted to parous women within the piecewise regression model, and parity was

treated as a continuous variable, with groups coded as the mean number of births per

group (1, 2, 3, 4, 5.5). Where parity was examined as a categorical variable separately by

histological type, it was analysed in fewer groups (up to 3+ only), due to small numbers

of cases of less-common subtypes in higher parity groups.

Analyses of the timings of births were restricted to parous women with non-missing

information on age at first and last births, and were stratified by parity (1, 2, 3+). Both

age at first birth, and age at last birth, were treated as ordered categorical variables (age

at first birth: <20, 20-24, 25+; age at last birth: <25, 25-29, 30+). Tests for trend used

the categorical variables coded with the median age in each age-group (age at first birth:

18, 22, 27; age at last birth: 23, 27, 33). Separate models were run for age at first birth

and age at last birth.

Analyses of breastfeeding used the total duration of breastfeeding (when summed

for all births), stratified by the number of births (1, 2, 3, 4, 5+), as an ordered categorical

variable (none, ≤1 month, >1&<6 months, ≥6&<12 months, 12+ months). Tests for

trend used the categorical variable coded by the median duration of breastfeeding in each

group (0, 1, 3, 8, 17 months). For analyses of breastfeeding, women were excluded if they

had missing information on the duration of breastfeeding (information was missing for
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approximately 20% of women, as this question was not included in the earliest batch

of questionnaires). All breastfeeding analyses were restricted to parous women, and

stratified by parity (1, 2, 3, 4, 5+).

All analyses were stratified by geographical region (10 regions corresponding to the

areas covered by the cancer registries), and adjusted for use of the oral contraceptive pill

(never, ever), tubal ligation (no, yes), family history of breast cancer (no, yes), hysterec-

tomy (no, yes), use of menopausal hormones (never, ever), body mass index (BMI) (<25

kg/m2, 25-29 kg/m2, 30+ kg/m2), smoking history (never, past, current), and quintiles of

socioeconomic status based on the Townsend deprivation index.157 For adjustment vari-

ables, missing values were assigned to a separate category. All information on adjustment

variables was taken from the recruitment questionnaire. Exposure information was either

missing or reported as unknown for <5% of women for all potential confounders.

Other factors (including alcohol consumption, physical activity, and age at menar-

che) were explored as potential confounders, but were not included in the final model as

their inclusion made no appreciable difference to the main estimate of effect.

Tests of heterogeneity in the relationship between ovarian cancer and parity or

breastfeeding by histotype were performed using a competing risks approach.2

For analyses where comparisons were made between more than two exposure cate-

gories, relative risks are presented in figures with group-specific confidence intervals for

the log risk in each group (allowing comparisons to be made between any two categories,

even if neither is the reference group).159,160 Conventional 95% confidence intervals are

given in the text. All analyses were performed in Stata-14.161 Figures were drawn in

R,162 using the standard package ‘ggplot’, or Matt Arnold’s "Jasper" package.163
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Million Women Study Cohort
N=1,364,375

Not matched to ONS record
n=42

Cancer diagnosis prior to recruitment
n=44,775

Missing date of follow-up
or date of censoring before recruitment

n=81+60=141

Bilateral oophorectomy (or unknown/ unsure)
n=170,772

Missing information on parity
n=3,883

Study population for analyses of
Parity and Ovarian Cancer

N=1,144,762
Ovarian cancers=8,719

Nulliparous
n=123,927

Missing information on breastfeeding
(not on first batch of questionnaires)

n=207,673

Study population for analyses of
Breastfeeding and Ovarian Cancer

N=813,162
Ovarian cancers=5,826

Figure 7.1: Participants inclusion/exclusion flow diagram for analyses of reproductive factors
and risk of ovarian cancer
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7.4 Results

A total of 1,144,762 women were included in this analysis, with a mean age at recruitment

of 56.1 years (standard deviation (SD) 4.8). Overall, 89% of participants reported at least

one full-term pregnancy. Table 7.1 shows the characteristics of the study population, by

parity. Parous women were more likely to have used the oral contraceptive pill (62% vs

46%) and menopausal hormones (48% vs 42%), to have undergone tubal ligation (24% vs

5%) and hysterectomy (17% vs 10%), and to be current smokers (21% vs 17%), compared

to nulliparous women.

During 16.7 million person-years of follow-up (an average of 14.6 (SD 3.7) years per

woman), 8,719 incident ovarian cancers were reported, with a mean age at diagnosis of

65.6 years (SD 6.5). Of the 5,848 epithelial cancers with the four most common tumour

types, 67% were serous (n=3,916), 15% mucinous (n=896), 11% endometrioid (n=622)

and 7% clear cell (n=414). Of the remaining cases (n=2,871), the majority were recorded

as unspecified carcinoma or adenocarcinoma.

7.4.1 Parity and risk of ovarian cancer

Overall, parous women had an estimated 26% lower risk of ovarian cancer than nulli-

parous women (RR: 0.74, 95% CI: 0.70-0.79), after adjustment for age, region, socioeco-

nomic status, tubal ligation, family history of breast cancer, hysterectomy, BMI, smoking,

and use of contraceptive or menopausal hormones.

The reduction in risk of ovarian cancer was greatest for the first birth, with almost

a 20% reduction in risk compared to nulliparous women (RR: 0.82, 95% CI: 0.76-0.89);

there were further reductions in risk with subsequent births, but of smaller magnitude

(<10% per birth) (see Figure 7.2).
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Given this marked difference in the reductions in risk associated with the first versus

subsequent births, it was not reasonable to model parity simply as a relative risk per birth

(likelihood ratio test for model with parity modelled as a categorical variable versus

continuous: p=0.002). Instead, a piecewise regression model was used, with women with

one child (para-1) as the baseline; this allowed for distinct relative risks to be modelled

for nulliparous women compared to para-1 women, and for additional births amongst

parous women.

In the piecewise regression model, nulliparous women had a 24% higher risk of ovar-

ian cancer than women with one child (RR: 1.24, 95% CI: 1.16-1.33), and there was

significant heterogeneity by histotype (heterogeneity: p=0.01). Nulliparous women had

about a 50% higher risk of endometrioid (RR: 1.49, 95% CI: 1.18-1.89, p=0.001) and al-

most a 70% higher risk of clear cell tumours (RR: 1.68, 95% CI: 1.29-2.20, p<0.001), with

a smaller increase in risk of mucinous tumours (RR: 1.26, 95% CI: 1.02-1.57, p=0.03),

and a small and non-significant increase in risk of serous tumours, the most common

histotype (RR: 1.10, 95% CI: 0.99-1.22) (see Figure 7.3 (A)). There was no significant

heterogeneity in the association between low-grade and high-grade serous tumours (het-

erogeneity: p=0.5), or between mucinous borderline tumours and mucinous carcinoma

(heterogeneity: p=0.3).

Among parous women, each additional birth was associated on average with a 6%

reduction in risk of ovarian cancer (RR: 0.94, 95% CI: 0.92-0.96). This association was

heterogeneous by histotype (heterogeneity: p=0.0006), with a 25% reduction in risk per

birth of clear cell tumours, (RR: 0.75, 95% CI 0.65-0.85, p<0.001), a lesser reduction in

the risk of endometrioid tumours (RR: 0.88, 95% CI: 0.80-0.97, p=0.009), a relatively

small reduction in the risk of serous tumours (RR: 0.93, 95% CI: 0.90-0.96, p<0.001), and

no significant reduction in risk of mucinous tumours (RR: 0.95, 95% CI: 0.89-1.02, p=0.2)

(see Figure 7.3 (B)). When serous tumours were divided, there was a significant reduction
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in risk of serous borderline and low-grade carcinoma (RR: 0.84, 95% CI: 0.76-0.93),

but not of high-grade serous carcinoma (RR: 0.97, 95% CI: 0.92-1.02) (heterogeneity:

p=0.01). There was no significant heterogeneity in the association between mucinous

borderline tumours and mucinous carcinoma (heterogeneity: p=0.4).

The 24% increase in the risk of ovarian cancer amongst nulliparous women compared

to women with one child was significantly greater than would have been expected based

on the 6% reduction in risk per birth found amongst parous women (heterogeneity from

a piecewise regression model: p=0.0003). The association between parity and risk of

ovarian cancer did not vary significantly by subgroups (see Figure 7.5). There was no

significant trend seen with increasing age at first or last birth, either for ovarian cancer

overall, or for the four main histotypes (see Figure 7.4).

7.4.2 Breastfeeding and risk of ovarian cancer

Amongst parous women with information on breastfeeding (N=813,162), 68% (554,695)

reported ever breastfeeding, with a mean duration of 8.1 (SD 9.4) months overall, or

an average of 3.3 (SD 3.4) months per child. Women who reported breastfeeding (of

any duration) had a small, borderline significant, reduction in the risk of ovarian cancer

overall, compared to women who never breastfed (RR: 0.94, 95% CI: 0.89-1.00, p=0.04).

However, there was evidence of a significantly-reduced risk of ovarian cancer amongst

women who reported an average duration of breastfeeding of ≥6 months (RR: 0.90, 95%

CI: 0.83-0.98 for duration ≥6&<12 months; RR: 0.86, 95% CI: 0.79-0.94 for duration

12+ months) (see Figure 7.6). Overall, there was about a 10% reduction in the relative

risk of ovarian cancer per 12-month increase in duration of breastfeeding (RR: 0.89, 95%

CI: 0.84-0.94, p<0.001), with no significant heterogeneity by histotype (heterogeneity:

p=0.3) (see Figure 7.7).
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Table 7.1: Characteristics of the study population at recruitment, and details of follow-up for
ovarian cancer, according to parity

Parity

Nulliparous Parous All women

Characteristics
Number of women 123,927 1,020,835 1,144,762
Mean (SD) age at recruitment (years) 56.1 (5.0) 56.1 (4.8) 56.1 (4.8)
Socioeconomic status, lower third, % (n) 30.7 (37,774) 32.3 (327,624) 32.2 (365,398)
Mean (SD) age at menarche 12.9 (1.6) 13.0 (1.6) 13.0 (1.6)
Ever use of oral contraceptive pill, % (n) 45.6 (56,054) 61.6 (624,076) 59.9 (680,130)
Tubal ligation, % (n) 5.0 (6,149) 23.8 (239,239) 21.7 (245,388)
Ever use of menopausal hormones, % (n) 42.0 (51,683) 47.5 (479,976) 46.9 (531,659)
Hysterectomy, % (n) 10.3 (12,796) 16.9 (172,168) 16.2 (184,964)
Mean (SD) age at natural menopause 48.7 (4.4) 49.2 (4.2) 49.1 (4.2)
Family history of breast cancer, % (n) 10.0 (11,615) 9.8 (94,349) 9.9 (105,964)
Mean (SD) body mass index (kg/m2) 25.7 (4.8) 26.2 (4.6) 26.2 (4.7)
Current smoker, % (n) 17.1 (20,130) 20.5 (197,543) 20.2 (217,673)
Strenuous exercise ≥once/week, % (n) 39.9 (47,959) 39.2 (385,852) 39.3 (433,811)
Alcohol intake, ≥7 units/week, % (n) 27.2 (33,473) 23.6 (238,840) 24.0 (272,313)

Follow-up for ovarian cancer incidence
Woman-years of follow-up for incidence (100,000s) 17.8 149.5 167.3
Mean follow-up time per woman (SD) 14.3 (4.0) 14.6 (3.6) 14.6 (3.7)
Number of incident cancers 1,266 7,453 8,719

Notes: Means and percentages are calculated excluding missing values for the variable of interest.

n: number of women. SD: standard deviation.
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7.5 Discussion

These analyses have shown, using data from a large prospective study with 8,719 in-

cident cases of ovarian cancer, that there is strong evidence of a (small) reduction in

ovarian cancer risk with additional births amongst parous women, in agreement with

other studies.

However, there was almost a 25% greater risk of ovarian cancer amongst nulliparous

women compared to women with just one child, which was substantially greater than the

6% reduction in risk seen with each birth in parous women. Such a difference has been

noted previously,20 but had rarely been formally tested before. For both associations,

there were differences by histotype, but the pattern of associations by histotype differed

for these two measures of parity (i.e. nulliparous vs para-1, compared to RR-per-birth

amongst parous).

The reduction in risk of ovarian cancer seen with parity varied significantly between

the histological types. The greatest differences were seen for endometrioid and clear cell

tumours: each additional birth amongst parous women was associated with about a 25%

reduction in risk of clear cell tumours, and about a 10% reduction in risk of endometrioid

tumours, and there was about a 50-70% relative excess risk of these tumour types seen in

nulliparous women compared to women with one child. By contrast, neither measure of

parity was significantly associated with the risk of high-grade serous tumours (the most

common histotype).

Results from previous studies and pooled analyses are broadly consistent with the

greater reductions in risk of endometrioid and clear cell tumours associated with child-

bearing,26,27,112,122 though individual studies have generally had too few cases of these

fairly uncommon histotypes to show significant heterogeneity.108,111,119–121,213

These analyses found no significant trend in the association between parity and
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ovarian cancer by the age at first or last birth, which is in keeping with most stud-

ies,110,115,121,122,214–216 though not all.107,108,112,116,120,217–220

There was some evidence of a reduced risk of ovarian cancer associated with longer

durations of breastfeeding, and no significant heterogeneity of this association by histo-

logical type, consistent with some, but not all, previous studies.112

7.5.1 Mechanisms

The substantially greater reduction in risk of endometrioid and clear cell tumours seen

with parity, and particularly with the first birth compared to nulliparous women, might

be at least partly related to infertility. Certain conditions may both reduce a woman’s

fertility and increase her risk of specific histotypes of ovarian cancer. Endometriosis may

be an example of one such condition, as it is an accepted cause of reduced fertility,221

and pooled analyses of both retrospective128 and prospective27 studies have found that

women with self-reported endometriosis had a significantly increased risk of clear cell and

endometrioid cancers.

There is still considerable uncertainty regarding the mechanism for the reduced risk

of ovarian cancer seen with parity and breastfeeding, assuming it is causal – other than

possible confounding by causes of infertility or subfertility. Popular hypotheses include

the possibilities that pregnancy and lactation act by interrupting the pro-inflammatory

environment of incessant ovulation,140,141 by modifying the hormonal environment,222 or

by clearing pre-malignant cells from the ovary.107 These analyses do not provide support

either for or against these hypotheses.
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7.5.2 Strengths and weaknesses

This study is one of the largest to date, allowing for more reliable comparisons of repro-

ductive risk factors for ovarian cancer by histological type than other studies, although

power was limited even in this analysis. In particular, analyses exploring the association

between the timing of births and risk of ovarian cancer histotypes were under-powered,

especially for the less-common histotypes.

Other strengths of the study include its prospective design, which helped minimize

differential recall of exposure history amongst women with and without cancer (a poten-

tial weakness of studies with retrospective assessment of exposures), and the virtually

complete follow-up and ascertainment of incident ovarian cancer, with only 1% being lost

to follow-up over 14 years. One strength of the analysis approach was that the piece-

wise regression model allowed for a different magnitude of association for the first versus

subsequent births (which more accurately reflected the data), rather than assuming a

uniform relative risk per birth. Another strength of the analysis was in ensuring that

analyses of breastfeeding were restricted to parous women and stratified by parity, in an

attempt to remove confounding by parity as much as possible.

One weakness is the relatively short durations of breastfeeding seen in our population

(of those women who reported breastfeeding, the median average duration was 2 months

per child), and the lack of details regarding whether breastfeeding was exclusive to other

forms of intake for the child.

7.5.3 Conclusion

In this largest prospective study of ovarian cancer to date, it has been shown that the

known reduced risk of ovarian cancer with increasing parity varies between different

ovarian cancer histotypes, with the strongest associations found for clear cell and en-
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dometrioid tumours. The substantial increase in risk of these histotypes in nulliparous

women could, at least in part, be associated with conditions that increase the risk of

infertility. As any potential misclassification of tumour histotypes would tend to blur

differences, the observed variation in risk by ovarian cancer histotype is unlikely to be

due to confounding, and is consistent with hypotheses that the different histotypes have

different aetiologies.
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Chapter 8

Image analysis of the fallopian tubes:

macro development and validation

8.1 Introduction

Given the new hypotheses regarding the origins of serous ovarian cancer (in particular,

that many high-grade serous carcinomas, the most common type of ovarian cancer, may

originate from precursor lesions in the fallopian tubal epithelium21), there is considerable

interest in investigating changes within the fallopian tubes of women with ovarian cancer.

Much of the research into the putative tubal origins of ovarian cancer has focussed on

the so-called ‘serous tubal intra-epithelial carcinoma’ (STIC), and other related dysplastic

processes within the tubal epithelium, which are found particularly within the fimbriae

(the portion of the fallopian tube adjacent to the ovary), and from which invasive high-

grade serous carcinoma is thought to arise.50

However, as evidence for the role of STICs in the pathogenesis of high-grade serous

ovarian cancer becomes more established, investigators have also begun to explore other

associated changes in the fallopian tubal epithelium - both to provide further support-
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ive evidence for the hypothesis of tubal origins, and because greater knowledge of pre-

cancerous changes in the epithelium might aid earlier diagnosis and improved prognosis.

For example, Bartlett et al. have shown evidence that women with BRCA mutations (who

are at greatly increased risk of breast and ovarian cancer) show epigenetic reprogramming

of the fimbrial epithelium, which they argue is an early pre-malignant event.223

8.1.1 Project investigating SOX2 expression in the fallopian tubes of

ovarian cancer patients

During my DPhil, I have contributed to a project investigating the role of SOX2, a

key stem cell differentiation gene, as a possible marker of premalignant change in the

fallopian tube epithelium. Using immunohistochemistry, we have shown that SOX2 is

over-expressed in the fallopian tube epithelium of women with high-grade serous ovarian

cancer, and women with germline mutations of BRCA1/2.224 The published paper is

included in Appendix D.3.

In order to assess immunohistochemical staining within the epithelial cells in a

standardised way, we wished to use a commercially-available image analysis algorithm

(‘Nuclear v9’, from Aperio), which scores the proportion of nuclei showing immunohis-

tochemical staining (intensity scored 1+, 2+, or 3+). However, identifying the epithelial

layer (i.e. excluding nuclei from other tissue, such as stroma) requires extensive anno-

tation of each image by hand. Given the extreme convolution of the fallopian tubal

architecture, this can take up to one hour per slide. If one intends to analyse hundreds

of slides, this is clearly inefficient. I was thus keen to explore potential automation of the

epithelial-identification process, so as to enable future work to proceed more swiftly.
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8.1.2 Existing methods of assessing immunohistochemical staining in

the fallopian tube epithelium

From the literature, it appears that other researchers who have wanted to assess immuno-

histochemical staining of fallopian tube epithelial cells have tended either to use the same

approach that we have (i.e. hand-annotation of images to identify the epithelium, fol-

lowed by image analysis software to count the number and percentage of stained cells225),

or have used individual researchers to assess the percentage of staining (generally taking

the average of values from two independent observers226).

One group of researchers, who were interested in measuring staining in the fallopian

tube epithelium of women with breast cancer, mention in their methods section that

they developed an automated method of identifying the epithelium from the surrounding

stroma - but no details are given of this in the paper.227 From contacting the authors, it

appears that they used the commercial ‘Genie’ machine-learning pattern-recognition al-

gorithm produced by Aperio (http://www.leicabiosystems.com/digital-pathology/

image-analysis-solutions/pattern-recognition/details/product/genie/) (personal

communication from Dr Sarah Schott).

However, the disadvantage of such an approach (quite aside from financial consid-

erations) is that it must be trained by images that have been annotated by hand by

investigators - and thus will potentially give different results in the hands of different

investigators at different times. In addition, this training process could be rather time-

consuming: a validation study of several image analysis approaches estimated that it

took one hour of a pathologist’s time, and ten hours of a technician’s time, to train

the ‘Genie’ algorithm to identify tumour areas on a single TMA of 54 cases.228 I have

been unable to find an open-source (i.e. non-commercial) algorithm for identifying the

fallopian tube epithelium, or one based on a standard procedure that would allow for
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easy replication (i.e. not requiring machine-learning and training of the algorithm).

The literature therefore suggests that an automated method of identifying the fal-

lopian tube epithelium would be useful to other researchers as well as our own group,

and that such a method is not yet easily available or widely used.

8.2 Aim

The aim of this study is to develop and validate a more automated method than is

currently available to identify the fallopian tube epithelium within scanned slide images.

This will facilitate future image analysis studies of immunohistochemical staining of

specific markers within the fallopian tube epithelium.

8.3 Methods

This validation study made use of slides of fallopian tubes that had been selected, cut,

stained for SOX2, and scanned, as part of a larger body of work looking at SOX2 in

ovarian cancer.224 The methods below outline the creation of these scanned slide images,

describe the development of a ‘macro’ (algorithm) intended to facilitate the analysis of

such images, and detail the validation studies conducted on the new macro.

8.3.1 Tissue samples and slides

Anonymised pathology reports were reviewed, and unstained sections of the fallopian

tubes obtained, for women treated in Oxford for high-grade serous ovarian cancer (cases),

as well as women who had their fallopian tubes removed for other reasons, to act as con-

trol/ comparison groups: (a) women with benign gynaecological conditions (e.g. uterine
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fibroids), (b) women with endometrial (uterine) cancer, and (c) women undergoing risk-

reducing salpingoophorectomy for known inherited mutations in BRCA1/2.

Tissue sections were cut from formalin-fixed, paraffin-embedded (FFPE) tissue

blocks at 2.5 µm or 4 µm thickness. Immunohistochemical staining was performed with

the Leica Bond Max autostainer (Leica Microsystems). Slides were heated to 100℃ for

20 minutes for antigen retrieval, then incubated with the rabbit anti-SOX2 (D6D9, #

3579, Cell Signaling Technology), which was detected using the BOND™ Polymer Refine

Detection System (DS9800, Leica Biosystems) in accordance with the manufacturer’s

instructions.

After staining, slides were scanned at 20x and 40x magnification on the Aperio slide

scanner. For the ‘gold-standard’ approach for assessing nuclear staining for SOX2 within

the fallopian tubal epithelium, the tubal epithelium was identified using the ‘negative

pen tool’ in Aperio to exclude other tissues (e.g. stroma), and the staining in the marked

epithelium was analysed with the commercial ‘nuclear v9’ algorithm in the Aperio Im-

ageScope software (v11.2.0.780, Aperio). This algorithm assessed the intensity of nuclear

staining by counting the number (and percentage) of cells that had no signal (0), weak

staining (1+), moderate staining (2+) or strong staining (3+).

I contributed to the above work by reviewing the pathology reports, requesting

appropriate sections, scanning stained slides and performing image analysis. Sections

were cut by biomedical scientists in the Oxford Centre for Histopathology Research at

the John Radcliffe Hospital, Oxford. Immunohistochemistry was performed by Leticia

Campo of GCP Laboratories (part of the University of Oxford).
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8.3.2 Development of a macro to identify the fallopian tube

epithelium

Through a collaboration with the Computational Biology Research Group at theWeather-

all Institute of Molecular Medicine (University of Oxford), a bespoke macro (algorithm)

was written by Dr Dominic Waithe, for the open-source image-analysis software FIJI/ImageJ,229

to identify the epithelial layer within the fallopian tube. The image of the isolated ep-

ithelial layer can then be run through the normal nuclear-scoring algorithm.

The macro extracted the image of the epithelium in the following manner (described

by Dr Waithe):

1. A low resolution version of the image is opened in FIJI/ImageJ, using the ‘third

tile series’ provided by the Aperio software (corresponding to a resolution of about

2,500 by 2,000 pixels).

2. The RGB image is converted into a greyscale luminance representation (which

converts Red, Green, and Blue colours into a single intensity scale).

3. The image is blurred with a Gaussian filter set to sigma=0.50, to reduce the impact

of noise and small objects.

4. A Threshold is applied to the intensity image using the Moments algorithm to

segment the image.

5. Thresholding produces a binary image which is then ‘despeckled’ using a median

filter set to radius=0.2.

6. Small objects are then filtered from the image (area < 100).

7. The resulting mask is then applied to the original image at full resolution.
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8.3.3 Validation of the macro

Validation studies were conducted to compare the macro to the current ‘gold-standard’

practice of annotating the images by hand in the Aperio image analysis software. The

validation studies were in two phases: phase I compared the macro to the ‘gold standard’

of identifying the epithelium by hand, in 40 sections of fallopian tube; phase II compared

the macro to both the original ‘gold standard’ of identifying the epithelium by hand, and

to ‘ground-truth’ manual cell counts, in selected areas of 17 sections of fallopian tube.

8.3.3.1 Phase I

I identified 40 sections of fallopian tube (33 from patients with high-grade serous ovarian

cancer, and 7 from patients who had had surgery for benign disease, such as uterine

fibroids), which had been stained for SOX2. For each case, I identified the epithelial

layer in two ways:

1. With image annotation by hand in the Aperio Imagescope software (using the

‘negative pen-tool’)

2. With the new macro written by Dr Waithe, run in FIJI/ImageJ

For both methods, the nuclear staining for SOX2 was assessed using the standard

nuclear scoring algorithm in the Aperio Imagescope software (Aperio ‘Nuclear v9’). I

then compared the assessment of staining between these methods (as indicated by the

percentage of nuclei with 3+ staining), using simple descriptive statistics and Bland-

Altman plots.

The time taken for the analysis process for each slide was also noted for analyses us-

ing the macro. Detailed timings were not available for analyses using the ‘gold-standard’

method, as these analyses had largely been performed prior to the idea of developing
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and validating the macro. However, the approximate timing per slide had been noted

informally, as it was the observation that this process was time-consuming that prompted

the development of the macro.

8.3.3.2 Phase II

17 sections of fallopian tube were identified, from a mixture of patients with high-grade

serous ovarian cancer and benign gynaecological conditions, which had been stained for

SOX2. All cases had previously been used in the earlier validation study (phase I). For

each case, the section of fallopian tube that had been used in the previous validation

study was identified, and then a small area of the tube was selected - with the size of

the selected area chosen so as to approximately fill an average computer screen when the

image is at maximum magnification (scanned in at x20).

For each of these small selected areas, the percentage of epithelial cells that stained

strongly for SOX2 with immunohistochemistry (designated ‘3+’ in Aperio) was estimated

in three ways:

1. With the epithelium identified using image annotation by hand (using the ‘negative

pen tool’ in Aperio), and the counting of stained cells performed by the ‘nuclear

V9’ algorithm in Aperio - the original ‘gold-standard’

2. With the epithelium identified using the macro, running in FIJI/ImageJ, and the

counting of stained cells performed by the ‘nuclear V9’ algorithm in Aperio

3. With manual counting of both stained and unstained epithelial cells in FIJI/ImageJ,

using the ‘multi-point’ tool. This was performed separately by two observers (DW

and KG).

The assessment of staining between these methods (as indicated by the percentage

of nuclei with 3+ staining), was then compared using simple descriptive statistics and
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Bland-Altman plots.

8.4 Results

The action of the algorithm may be illustrated with one example of a section of fallopian

tube: Figure 8.1 shows the normal image of the fallopian tube (with brown staining for

SOX2, using immunohistochemistry), while Figure 8.2 shows the isolated epithelial layer,

following use of the macro.

8.4.1 Phase I

8.4.1.1 Agreement

On average, both the macro and the hand-annotation gave fairly similar results for the

percentage of tubal epithelial cells showing 3+ staining, although the percentage was

slightly lower when using the macro (a mean of 11.0% (SD: 11.1%) when the epithelium

was identified by the macro, compared to 13.6% (SD: 12.1%) when it was identified by

hand-annotation) (Table 8.1). The ‘gold-standard’ approach estimated the 3+ staining

on average to be 2.6% higher than when the epithelium was identified with the macro

(95% CI: 1.5-3.7%; paired t-test: p<0.0001).

This tendency for the estimate of the percentage staining to be slightly lower when

Method used to identify epithelium

SOX2 staining (% 3+) By hand Macro

Mean (SD) 13.58 (12.06) 11.01 (11.11)
Median (IQR) 12.54 (3.72-19.30) 10.84 (2.86-15.78)

Notes: SD: standard deviation. IQR: inter-quartile range.

Table 8.1: Table comparing statistics for % of nuclei showing 3+ staining in Phase I validation
sample set (n=40), when the tubal epithelium is identified by hand or by macro.
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Figure 8.1: Fallopian tube section stained
for SOX2

Figure 8.2: Fallopian tube epithelium, as
identified by the macro

the epithelium was identified by the macro/ algorithm rather than by hand is also illus-

trated in a simple scatter-plot (see Figure 8.3).

However, a comparison of means (e.g. using a t-test) or a measure of the correlation

is not the most appropriate measure of difference in this context. A better approach

would be to compare the difference in staining estimates for each case, whilst taking

account of the considerable variation in absolute values of percentage staining. This

can be illustrated with a Bland-Altman plot, in which the difference between the two

estimates for each case is plotted on the y-axis, against the average of the two estimates

for each case on the x-axis.230

A Bland-Altman plot comparing the macro to identification of the epithelium by

hand (Figure 8.4) shows that 2/40 (5%) samples were outside the limits of agreement,

with one showing higher scoring, and one showing lower scoring, when the epithelium

was identified by hand versus by macro. The mean difference between the two estimates

was 1.6 + (0.08 x average) (95% limits of agreement: +/- 2.46 x (0.91 + 0.11 x Average))

(units: % 3+ staining). In other words, the estimated % 3+ staining was on average

about 1.6% higher when the epithelium was identified by hand (with the true value of
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Figure 8.3: Phase I (n=40): Scatter plot, showing the correlation between the percentage of
epithelial cells scoring 3+ for staining for SOX2, when the epithelium was identified by hand-
annotation versus by the macro

this difference probably lying between about -0.9% and 4.0%), although this difference

was larger for cases where the absolute value of the average % staining was higher.

The extent to which this systematic difference in estimation of staining is acceptable

may depend partly on what differences in staining one wants to detect: if one is interested

in substantial differences in staining between groups, then a possible under-estimation of

staining by a few percent may be tolerable.

8.4.1.2 Timing

Identification of the epithelial layer was appreciably faster when using the macro than

by hand-annotation. When using the macro, the whole process (including identification

of the epithelium using the macro, then running the nuclear-counting algorithm) took

an estimated average of 11 minutes per case (SD: 3.5). By contrast, the original ‘gold-

standard’ process (using hand-annotation to identify the epithelium, followed by the

nuclear-counting algorithm) tended to take about 45-60 minutes per case, and sometimes
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Figure 8.4: Phase I (n=40): Bland-Altman plot, showing the agreement between the percentage
of epithelial cells scoring 3+ for staining for SOX2, when the epithelium was identified by hand-
annotation versus by the macro

longer. [The estimated time taken for the ‘gold-standard’ method is more approximate,

as precise timings were not recorded for these initial annotations].

8.4.2 Phase II

8.4.2.1 Agreement

On average, all four methods (hand-annotation in Aperio, use of the macro, or hand-

counting of cells by two observers) gave fairly similar results for the percentage of tubal

epithelial cells showing 3+ staining. While there were some differences, these tended not

to be statistically significant - partly due to the small number of cases in the study, and

the wide distribution (see Table 8.2).

A simple scatter plot to compare the agreement between the two observers (KG and

DW) in the total number of cells counted is seen in Figure 8.5. The plot shows that,

while the two attempts to count cells manually produced highly correlated results, one
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Method used to identify epithelium
Manual (KG) Manual (DW) Macro Annotation

Method used to count stained cells
SOX2 staining (% 3+) Manual (KG) Manual (DW) Aperio Aperio

Mean (SD) 23.01 (15.96) 21.34 (14.43) 19.35 (15.56) 21.51 (15.93)
Median (IQR) 20.79 (11.24-34.18) 16.42 (12.81-28.57) 18.31 (5.55-25.33) 25.43 (8.16-31.99)

Notes: SD: standard deviation. IQR: inter-quartile range.

Table 8.2: Table comparing statistics for % of nuclei showing 3+ staining in Phase II validation
sample set (n=17), when the stained tubal epithelial cells are identified and counted either
manually by individuals (KG & DW), or with tubal epithelium identified by a macro or hand-
annotation in Aperio, and the counting of stained cells performed by the ‘nuclear V9’ algorithm
in Aperio

observer (KG) tended to count fewer cells than the other observer (DW).

Figure 8.5: Phase II (n=17): Scatter plot showing the correlation between two observers (KG
and DW) in counting total number of epithelial cells

However, a scatter plot comparing the agreement between the two observers in the

percentage of strongly-stained cells (seen in Figure 8.6) shows that there was fairly good

agreement between the observers in the percentage of cells stained, despite the systematic

differences in counting absolute numbers of cells.

114



CHAPTER 8. IMAGE ANALYSIS OF THE FALLOPIAN TUBES:
MACRO DEVELOPMENT AND VALIDATION

Figure 8.6: Phase II: Scatter plot showing the correlation between two observers (KG and DW)
in counting the percentage of epithelial cells stained for SOX2 by immunohistochemistry

For subsequent analyses, an average was taken of the manual counts of percentage

staining by the two observers for each case. This average was then compared to the two

other methods (when the epithelium was identified by hand-annotation in Aperio, vs

identified by the FIJI/ImageJ macro).

Bland-Altman plots were used to compare the average percentage staining from

manual cell counts (by KG & DW) to the percentage ‘3+’ staining as judged by the

Aperio algorithm, both when the epithelium was identified by hand-annotation in Aperio

(Figure 8.7), and when the epithelium was identified by the macro (Figure 8.8). A Bland-

Altman plot was also used to compare the agreement in average percentage ‘3+’ staining

when the epithelium was identified by hand-annotation in Aperio, vs by the macro, with

counting done by the Aperio algorithm in both cases (Figure 8.9).

8.4.2.2 Investigating outliers

Although there tended to be fairly good agreement, there were some cases with substan-

tially higher percentages stained when one measure of staining was used compared to
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Figure 8.7: Phase II: Bland-Altman plot, showing the agreement between the percentage of
epithelial cells scoring 3+ for staining for SOX2, comparing a) manual counts vs b) the original
‘gold-standard’ method of identifying the epithelium by hand-annotation in Aperio, followed by
automated cell-counting in Aperio

Figure 8.8: Phase II: Bland-Altman plot, showing the agreement between the percentage of
epithelial cells scoring 3+ for staining for SOX2, comparing a) manual counts vs b) epithelial
identification by the macro, followed by automated cell-counting in Aperio
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Figure 8.9: Phase II: Bland-Altman plot, showing the agreement between the percentage of
epithelial cells scoring 3+ for staining for SOX2, comparing a) identifying the epithelium by hand-
annotation in Aperio, followed by automated cell-counting in Aperio vs b) epithelial identification
by the macro, followed by automated cell-counting in Aperio

another. Two of these are investigated below.

Case 34861-13-2P

Case 34861-13_2P was an outlier in Figure 8.9, with a much higher percentage of staining

recorded when the epithelium was identified by hand-annotation in Aperio than when

the epithelium was identified by the macro.

On examining the images, it is possible to see why this discrepancy arose. Figure

8.10 shows the image with the epithelium identified by hand-annotation, while Figure

8.11 shows the epithelium identified by the macro. The macro appears to have missed

one area of epithelium on the right-hand side of the image, which included many stained

cells. In addition, there was a group of detached, unstained epithelial cells in the lumen

of the tube, which were edited out by hand-annotation, but understandably persisted in

the macro image. The combination of these two factors (which reduced the number of

stained cells, and increased the number of unstained cells, in the macro image relative

to the hand-annotation image) explains the discrepancy observed.
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Figure 8.10: Fallopian tube section stained for SOX2, with the epithelium identified by hand-
annotation, and staining assessed by Aperio software. This is a false-colour image, illustrating
staining as assessed by Aperio: unstained nuclei are marked in blue, while nuclei stained with
SOX2 are marked in yellow (1+), orange (2+), or brown (3+).

Figure 8.11: Fallopian tube section stained for SOX2, with epithelium identified by the macro
in FIJI/ ImageJ, and staining assessed by Aperio software
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Case 28389-13-5H

Case 28389-13_5H was an outlier in both Figure 8.7 and Figure 8.8, in which the mean

percentage of stained cells as judged by manual counts by the two observers was about

15% higher than that measured by the Aperio algorithm (regardless of whether the

epithelium had been identified by annotation or by the macro).

On examining the images in Figures 8.12, 8.13, 8.14, and 8.15, it is not immediately

clear why this discrepancy arose. Presumably the observers performing manual counts

either over-counted stained nuclei, or under-counted unstained nuclei, relative to the

Aperio software.
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Figure 8.12: Fallopian tube section, stained for SOX2, with epithelium identified by hand-
annotation, and staining assessed by Aperio software

Figure 8.13: Fallopian tube section, stained for SOX2, with epithelium identified by macro in
FIJI/ImageJ, and staining assessed by Aperio software
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Figure 8.14: Fallopian tube section, stained for SOX2, with stained epithelial nuclei marked
by manual counts in FIJI/ImageJ

Figure 8.15: Fallopian tube section, stained for SOX2, with unstained epithelial nuclei marked
by manual counts in FIJI/ImageJ
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Absolute difference in percentage staining

SOX2 staining (% 3+)
Between two observers
performing manual

cell-counts

Between Aperio-annotation
and macro method

Mean (SD) 3.79 (4.67) 3.33 (3.75)
Median (IQR) 2.26 (0.78-4.06) 2.63 (0.6-4.72)

Notes: SD: standard deviation. IQR: inter-quartile range.

Table 8.3: Table comparing statistics for absolute differences in the % of nuclei showing 3+
staining in validation sample set (n=17), comparing differences between two human observers,
and the differences when the tubal epithelium is identified by a macro vs hand-annotation in
Aperio

8.4.3 Comparing inter-observer vs inter-method variation

One approach to evaluating whether it is reasonable to use the macro is to consider

whether any differences seen between the measure of percentage staining when the epithe-

lium is identified with the macro, compared to when it is identified with hand-annotation

in Aperio (the ‘gold-standard’), are greater than any differences between human observers

performing manual cell-counts.

Table 8.3 shows some summary statistics, comparing two sets of absolute differences

in the percentage of staining:

• The absolute difference in percentage staining, when the stained and unstained

cells were counted manually by two observers (i.e. inter-observer differences)

• The absolute difference in percentage staining when the counting of stained cells was

performed by the Aperio ‘Nuclear V9’ algorithm, comparing when the epithelium

was identified by hand-annotation in Aperio, vs when it was identified by the

FIJI/ImageJ macro.

As can be seen, the differences appear quite similar. Formal statistical testing

(with the non-parametric Wilcoxon matched-pairs signed-ranks test) suggests that the
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inter-observer differences between two humans performing manual cell counts are not

significantly different to the differences arising between the two methods of identifying

the epithelium (p=0.6).

8.5 Discussion

Taken together, this two-phase validation study shows that there is reasonable agreement

between the scoring of nuclear staining when the epithelium is identified by the macro

compared to annotation by hand. Interestingly, there appears to be a slight but con-

sistent under-scoring when the epithelium has been identified by the macro. However,

this difference appears to be smaller than the differences between two human observers

performing manual cell counts.

Importantly, the analysis process took an average of only 11 minutes per slide with

the macro, compared to an estimated 45-60 minutes with the original hand-annotation

method. Thus, although there is not perfect agreement between assessment of stain-

ing when the epithelium is identified by the macro versus by hand-annotation, it may

be worth using the macro in subsequent image-analysis work, due to the potential for

significant time-saving.

Indeed, the macro is already being put to use in research by Fiona Chen (a visiting

medical student, whose research project I am helping to co-supervise with Prof Ahmed),

as she is using immunohistochemistry to investigate differential staining for specific mark-

ers in the fallopian tube epithelium of women with high-grade serous ovarian cancer and

other ovarian tumours. As she wishes to analyse staining with three different markers in

sections of fallopian tubes from about 70 patients, this volume of analysis work would

not be feasible for one person to complete, using the hand-annotation method - and so

the macro (with its reduced analysis time) has proved invaluable.
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Chapter 9

MWS Ovarian Cancer Tissue Pilot Study

9.1 Introduction

The Million Women Study did not collect biological samples (such as blood or tissue)

as part of the original protocol. Subsequently, the Disease Susceptibility Study was

established: this is a nested case-control study, involving collection of blood samples from

about 20,000 women with incident breast cancer or cardiovascular disease (cases), and

about 40,000 controls (women without incident breast cancer or cardiovascular disease),

to look at potential biomarkers or genetic markers associated with disease risk. However,

tumour tissue samples have not been collected.

Given the substantial heterogeneity between the different histological types of ovar-

ian cancer, not only in terms of morphological appearance, but also in terms of molecular

characteristics and putative origins (see Chapter 2), and risk factors (see Chapters 3 and 5

to 7), it would obviously be advantageous to obtain samples of ovarian cancer tumour

tissue, to facilitate further analyses. In particular, samples of tumour tissue could be

used to create tissue micro-arrays for immunohistochemistry, for more detailed molecu-

lar characterisation of the tumours.
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Therefore, a pilot study was planned, to explore the feasibility of identifying, ob-

taining, and processing tissue samples from participants in the Million Women Study

who have been diagnosed with ovarian cancer. The pilot study is initially restricted to

women with ovarian cancer diagnosed in Oxford, partly for simplicity of logistics (as

there are some shared governance procedures in place between the University of Oxford

and the Oxford University NHS Hospitals Foundation Trust), but also because the Ox-

ford hospitals represent one of the largest single centres in terms of the number of MWS

participants treated for ovarian cancer.

9.2 Aims

The initial aims of the pilot study were:

• To apply for and obtain ethical approval for the pilot study

• To verify that it is possible to correctly identify participants in the Million Women

Study who were treated for ovarian cancer in a specific centre, using hospital records

• To obtain and review the pathology report, and identify what samples are available

for such women

• To develop an initial protocol for obtaining and processing relevant tissue samples.

Assuming that the above aims were successful, further aims included:

• To retrieve and process tissue samples in an appropriate manner

• To identify challenges and potential problems, and modify the protocol accordingly

for future work

• To use the data collected (both electronic and tissue samples) to conduct some

initial validation studies.
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If all of the above aims are successful, then the hope would be to expand the pilot

study to collect tissue samples of MWS participants treated for ovarian cancer in other

centres. However, due to financial, timing, and logistical constraints, this is beyond the

scope of this DPhil project.

9.3 Methods

This pilot study was, of necessity, a highly collaborative endeavour, involving contribu-

tions from a range of researchers, clinicians, and administrators.

9.3.1 Initial planning and ethical approval

The initial plan for the pilot study and application for ethical approval were written with

input from Professor Jane Green, Professor Dame Valerie Beral, and Professor Ahmed

Ahmed, and with extensive practical assistance from Krys Baker (Research Co-ordinator

for CEU) and Lynden Guiver (Study Co-ordinator for MWS). The approved amendment

to the MWS protocol (Appendix 28 of the Million Women Study) is included in Appendix

B.1.

9.3.2 Research approval from the Oxford Centre for Histopathology

Research (OCHRe)

The application for approval of collaboration with the Oxford Centre for Histopathology

Research (OCHRe) was written with input from Professor Ahmed and Professor Green,

with practical assistance from Lynden Guiver.
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9.3.3 Development of an initial protocol for tissue processing

The initial planned protocol for tissue processing was developed with input from Professor

Ahmed, and following discussions with Professor Gillian Reeves, and Associate Profes-

sor Ruth Travis, both of whom have developed protocols for retrieving and processing

archived tumour tissue (for breast cancer and prostate cancer, respectively). These pro-

tocols were adapted and simplified for the current project of investigating ovarian cancer,

as the pathological and clinical differences between cancer types inevitably affect the de-

sign of the protocols. For example, ovarian cancer does not have large areas of in-situ

disease that would require separate sampling to the invasive disease (cf. breast cancer).

However, the hypothesis that some ovarian cancers may originate in the fallopian

tubes means that it would be advisable to obtain samples of the fallopian tubes. I ini-

tially considered attempting to take cores of fallopian tube tissue, to generate a tissue

micro-array of the fallopian tubes. However, given that the putative precursor lesions for

high-grade serous ovarian cancer (e.g. serous tubal intraepithelial carcinoma, STIC) tend

to be small and focal when identified, I decided that random sampling of the fallopian

tube epithelium would probably be unhelpful. More targeted sampling was considered,

but there were concerns that this might deplete a valuable resource. It was therefore

decided to merely take unstained sections of the tubes, which would allow limited im-

munohistochemistry.

9.3.4 Identification of participants and data transfer and linkage

MWS participants with ovarian cancer (coded C56 in ICD-10) recorded for a hospital

admission in the Oxford region were identified using hospital records by Carol Hermon,

a data analyst for the Million Women Study. A list was generated of patient identifiers

(NHS number and date of birth) for these women, with a study-specific ID. This list was
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securely encrypted and transferred by email to the Oxford Centre for Histopathology

Research (OCHRe); the passcode was given by telephone.

OCHRe linked the list to the electronic histopathology record, and exported selected

sections of the electronic pathology reports into a spreadsheet, which was stripped of

patient identifiers other than the study-specific ID. This file was encrypted and sent back

to the Cancer Epidemiology Unit by email; the password was given separately.

This process was done in two batches: the first batch were women with a hospital ad-

mission with a diagnosis of ovarian cancer from January 2014 onwards (n=28); the second

batch were those with a hospital diagnosis up to December 2013 (n=258 for a diagnosis

at an Oxford hospital, of which n=103 for a procedure code indicating likely suitable

samples, e.g. hysterectomy, salpingoophorectomy, or salpingectomy). This batching was

done for practical reasons: OCHRe currently stores blocks and slides from cases prior to

January 2014 in an off-site archive, whereas those from January 2014 onwards are stored

in Oxford. It therefore made sense to begin the pilot study by focussing on specimens

that are likely to be easily retrievable.

9.3.5 Review of histopathology reports and identification of potential

specimens

I reviewed the histopathology reports. Women were excluded if tissue specimens were

clearly unavailable in Oxford (e.g. if slides had just been sent to Oxford for histopathology

review, and then returned to the sender). For each woman, the likely best sample was

identified.

Samples were excluded if they were not of an ovarian cancer (e.g. some women

also had resections of skin cancers), or if they did not contain viable tumour (e.g. post-

chemotherapy samples with complete response, and no viable residual tumour identi-
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fied). Primary biopsy specimens could be considered if resection specimens (e.g. salpin-

goophorectomy +/- hysterectomy) were reported to not contain viable tumour.

9.4 Results

Ethical approval for linkage with the pathology reports was covered by the original eth-

ical approval for MWS, when women were consented for access to their medical record.

Ethical approval for the ovarian cancer tissue pilot study was granted by the ‘East of

England - Cambridge South’ Research Ethics Committee on 4th March 2016 (Million

Women Study Amendment 28) (see Appendix B.2). Initial approval for linkage with

OCHRe was granted in January 2016 (reference: 16/A014).

Below are the results of Phase I of the pilot study: linkage to the histopathology

records.

9.4.1 Batch 1: Admissions from January 2014

28 women were identified as MWS participants who had an admission with ovarian cancer

in Oxford since January 2014, according to hospital records. This list was linked with

the pathology database at OCHRe, and the electronic histopathology reports obtained,

as described above.

9.4.1.1 Women with incident ovarian cancer in cancer registry data

Of these 28 women, 10 (36%) were registered as having incident ovarian cancers according

to cancer registry data (from ONS and NCIN/PHE) (see Table 9.1). For these 10 women,

the pathology reports confirmed that 7 had a diagnosis of ovarian cancer, and 2 had

cancers that were thought more likely to arise from the peritoneum or fallopian tube
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(but could have been ovarian). One woman did not have a recorded diagnosis of ovarian

cancer in the pathology report, but information elsewhere in her hospital record confirmed

that she had been diagnosed with ovarian cancer elsewhere, and subsequently admitted

to Oxford for treatment.

The histological type of ovarian cancer from the cancer registry data accorded with

that from the the pathology reports in 8/9 cases. The one slight discordance was for

a carcinosarcoma with a high-grade serous epithelial component, which was recorded as

high-grade serous ovarian cancer in the cancer registry data.

The pathology reports suggested that 9/10 of these cases should have potentially

usable pathology samples (6 resection specimens, 3 biopsy-only); the case diagnosed

outside of Oxford had no suitable specimen available. For 2/3 cases with only biopsy

samples available, this was because no resection specimen was recorded; for 1/3, a re-

section specimen was available, but there had been a complete response to pre-operative

chemotherapy, and no viable tumour was seen. Thus, based on this small initial batch

of pilot study data, one might expect about 90% of incident ovarian cancer cases to have

potentially-suitable samples available.

9.4.1.2 Women without incident ovarian cancer in cancer registry data

Data were also explored for the 18/28 women who had a diagnosis of ovarian cancer in

electronic hospital records data, but who were not incident ovarian cancers according

to cancer registry data (see Table 9.1). 3/18 women did have a confirmed diagnosis of

ovarian (or fallopian tube or peritoneal) cancer in the pathology report, but also had

a previous incident cancer at another site. 6/18 women were listed as having primary

peritoneal or fallopian tube (rather than ovarian) cancers in cancer registry data (these

have not generally been considered ‘ovarian’ cancers for the purpose of this thesis, but

arguably their similarities in morphology and management, the difficulty in distinguishing
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them, and their putative shared origins mean that they should be considered together in

the future). 5/18 women had evidence of a cancer at another site (2 lung, 2 endometrial,

and one breast cancer), in both cancer registry data and pathology reports, and no

mention of ovarian cancer in the pathology reports. 2/18 women had ovarian (or fallopian

tube) cancers confirmed in the pathology report, but diagnosed after the end of follow-up

for cancer incidence in cancer registry data (as we currently have hospital record data

up to a more recent date than cancer registry data). A further 2/18 women had ovarian

cancers confirmed in the pathology report but no record of an incident cancer in cancer

registry data, and no clear reason for this omission - though in both cases the date of

the pathology specimen being taken was close to the end of follow-up for cancer registry

data, and so even a relatively short time-lag in diagnosis and registration could explain

this.

Thus, overall there were 10 additional cases with apparent incident cancers of the

ovaries, peritoneum or fallopian tube - which were not considered incident ovarian cancers

by the usual cancer-registry definition used in this thesis, either due to site (fallopian

tubal or primary peritoneal) or time of diagnosis (after/near the end of follow-up for

cancer registry data), but which might be worth including in subsequent tissue-based

analyses. Of these, the pathology reports suggested that 9/10 should have suitable tissue

samples (8 resection specimens, 1 biopsy only); 1/10 only had records of slides that had

been received for review and then returned.
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Table 9.1: Batch 1: Table showing the results of comparing women with a diagnosis of ovarian
cancer in electronic hospital records to data from cancer registries and pathology reports

Result of comparison n %

Confirmed incident ovarian cancer 10 36

Previous incident cancer 3 11

Site listed as peritoneal or fallopian tube in cancer registry data 6 21

Cancer at other site in both cancer registry and pathology record 5 18

Cancer diagnosed after end of cancer registry follow-up 2 7

Cancer diagnosed near end of cancer registry follow-up 2 7

Total 28 100

Notes: The above results are for batch 1 (i.e. women with a hospital admission with a diagnosis

of ovarian cancer in the electronic hospital records from January 2014 to the end of follow-up for

hospital records).

9.4.2 Batch 2: Admissions up to December 2013

258 women were identified as MWS participants who had a diagnosis of ovarian can-

cer recorded at an Oxford hospital up to December 2013, of whom 103 also had a

recorded procedure code for a likely relevant resection specimen (e.g. hysterectomy,

salpingoophorectomy, or salpingectomy). 17/258 were removed by standard exclusions

(e.g. previous cancers before recruitment). Of those remaining, 189/241 (78%) women

matched to the Oxford pathology records database (i.e. they had at least one identified

pathology report). Of those women who matched to the pathology record, 139/189 (74%)

had an incident diagnosis of ovarian cancer according to cancer registry data. Detailed

review of the pathology reports from Batch 2, to compare diagnoses in the pathology
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report to those from cancer registries and hospital records, is still ongoing. However,

if we assume that the first batch of cases is representative, then we might expect that

about 90% of incident ovarian cases would have potentially-usable tissue samples - i.e.

0.9 x 139 = 125 cases.

Formal approval of the second phase of the pilot study (i.e. actual retrieval of

archived tissue blocks and slides) by OCHRe is still awaited, and thus tissue retrieval

has not yet commenced.

9.4.3 Planned protocol for slide review and sample processing

Part of the aim of this pilot study was to develop an initial protocol for sample iden-

tification and processing. This protocol is thus outlined below, even though capacity

constraints at OCHRe have meant that it has not yet been possible to begin retrieval of

slides and samples. The protocol aims to ensure that samples are taken from both pri-

mary and metastatic tumour deposits (thus allowing for comparisons between the two),

as well as unstained sections from the fallopian tubes. Given that cores will be taken

for tissue micro-arrays, we also wish to consider taking cores for possible future DNA

extraction for targeted sequencing - though this is obviously exploratory, and dependent

on having reliable DNA extraction methods for formalin-fixed, paraffin-embedded tissue.

The protocol is flexible, and will need to take account of the amount of tissue

available (i.e. ensuring that samples are not depleted, and hence not taking cores from

single biopsy specimens). In addition, the protocol makes use of existing interest in

digital image analysis, by ensuring that key slides are scanned and stored for possible

future projects.

The original diagnostic slides, stained with haematoxylin and eosin (H & E), will

be reviewed by a pathologist (either myself or a collaborating consultant pathologist).
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Slides will be identified for scanning, and for sampling for tissue micro-arrays.

Slides identified for scanning will be:

• Any slides of the fallopian tubes

• Any slides from which cores are to be taken for tissue micro-arrays.

• A slide showing endometriosis, if present

• For biopsy-only specimens: the main biopsy slide

Slides identified for sampling from the tissue blocks will be:

• Cores for tissue micro-arrays (TMAs): both primary tumour and secondary/ metas-

tasis, if available (e.g. tumour in the omentum)

• Unstained sections x10 from each fallopian tube

• Cores for possible future DNA extraction: of invasive tumour (both primary and

secondary if available) and normal tissue

• For biopsy-only specimens: x5 unstained sections (if possible)

The plan would be that staff at OCHRe would then scan the selected slides, and

cut sections and take tissue cores for tissue-microarrays, and for storage for possible

future DNA extraction, as appropriate. Immunohistochemistry (on both the fallopian

tube sections and the TMAs of tumour tissue) would be performed at a collaborating

laboratory in Oxford.

9.5 Discussion

The first phase of the pilot study has established procedures for identifying MWS partici-

pants with ovarian cancer who were treated in a specific centre, and for securely linking to

pathology databases to obtain electronic copies of the pathology reports. Review of these
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reports has allowed for validation of diagnoses received from routine data sources, as well

as providing more detailed information regarding the likely tissue specimens available.

This is helping to inform the second phase of the pilot study (in which tissue samples

are to be retrieved, reviewed, and processed), which is still ongoing.

9.5.1 Challenges

Several important issues, both logistic and scientific, were raised by the first phase of the

pilot study. These included:

1. Incorrect information from hospital records

Some women with a diagnosis of ovarian cancer in data from the electronic hos-

pital records proved not to have evidence of ovarian cancer on detailed review of

the pathology reports. For example, there was a case for which the primary bulk

tumour had been found on the ovary, and a biopsy performed, which confirmed

malignancy - so the patient was diagnosed with ovarian cancer. However, a subse-

quent hysterectomy showed that the primary in fact appeared to have arisen from

the endometrium (uterus). This alteration in the diagnosis of the primary site oc-

curred some time later, and thus the original information was presumably entered

in the hospital record, without correction. However, the information from cancer

registry data for this case was correct (endometrial cancer). Thus, it may be that a

combination of case identification from cancer registries and hospital records, with

confirmation of the diagnosis from pathology reports, would be most reliable.

2. Storage of samples off-site

In the Oxford University NHS Foundation Trust, histopathology samples (blocks

and slides) are moved to an off-site storage facility after 2-3 years. For example, for

a pilot study conducted in January-September 2016, samples were only available

within Oxford for cases from January 2014 onwards. Retrieving samples from the
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off-site facility is possible, but entails increased costs of both time and money.

3. Availability of suitable samples

Even for those cases of ovarian cancer diagnosed in Oxford, not all had resection

specimens with abundant viable tumour. In some cases, only biopsies were per-

formed; in others, pre-operative (neo-adjuvant) chemotherapy was so effective that

no viable tumour was seen in the resection specimen. Thus, protocols for tissue

processing will have to take account of varying tissue availability.

9.5.2 Conclusion

The first phase of this pilot study has established that it is feasible to identify MWS

participants with ovarian cancer treated in a particular area or centre, and then link

securely to local histopathology databases in order to obtain reports and identify samples.

Review of the pathology reports allows for validation of the diagnoses recorded in data

from electronic hospital records and cancer registries - both in terms of cancer site and

tumour morphology - generally showing fairly good agreement. This first phase has

also identified some potential challenges for the second phase of the study, including the

potential costs (both time and expense) of retrieving older samples from off-site archives,

and the possibility that some cases may not have samples that are accessible and usable.
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Chapter 10

Discussion

10.1 Overview

10.2 Aim of my DPhil work

My main aim was to investigate risk factors for ovarian cancer by histological tumour

type, focussing in particular on factors previously identified as being associated with

ovarian cancer by other studies, and which might relate to new hypotheses of the origins

of ovarian cancer, but which had not previously been reported on by either the Million

Women Study or the Collaborative Group on Epidemiological Studies of Ovarian Cancer.

Specifically, the factors identified for further investigation were tubal ligation (with regard

to risk of both ovarian cancer and other related or common cancers) and reproductive

factors (parity and breastfeeding).

A secondary aim was to develop resources for further investigation of the origins and

histological types of ovarian cancer: by developing and validating methods to assist in

image analysis of the fallopian tubes (of interest as a putative site of origin for the most

common type of ovarian cancer), and by conducting a pilot study of obtaining pathology
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reports and tissue samples from participants in the Million Women Study with ovarian

cancer.

10.3 Main findings from this thesis

The main findings of this thesis, as described in Chapters 5 to 9 are summarised below.

10.3.1 Tubal ligation and risk of ovarian cancer histotypes

The analyses in Chapter 5 confirmed that, overall, women who have had a tubal ligation

have about a 20% reduction in risk of ovarian cancer - but that this varies significantly

by histotype. The greatest reduction in risk was seen for endometrioid and clear cell

tumours, for which the risk was about halved. There was about a 20% reduction in risk

of high-grade serous carcinomas, which was statistically different to the null association

with low-grade serous tumours (borderline and low-grade serous carcinoma). There was

no association seen with mucinous tumours.

These findings are consistent with the new hypotheses of possible extra-ovarian

origins for certain ovarian cancer histotypes. The observation that tubal ligation is

associated with a substantial reduction of endometrioid and clear cell tumours would

be consistent with the hypothesis that some of them arise from endometriosis, as tubal

ligation could potentially block the passage of cells from the endometrium through the

fallopian tubes (a potential mechanism for endometriosis). The reduction in risk of

high-grade serous carcinomas could be consistent with their putative origins in precursor

lesions in the fallopian tubes, which might be disrupted by tubal ligation surgery.

There was, however, little evidence of an effect of timing of tubal ligation - but the

study was probably statistically under-powered to detect a true effect of timing of tubal

ligation by histological type, if it was there.
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10.3.2 Tubal ligation and risk of other cancers

The analyses in Chapter 6 expanded those in the previous chapter on tubal ligation and

ovarian cancer risk, by exploring the association between tubal ligation and the risk of an

additional 25 cancer types. The results showed that tubal ligation is not only associated

with about a 20% reduction in the risk of ovarian cancer, but is also associated with a

similar-magnitude reduction in the risk of peritoneal cancer, and a significant reduction

in the risk of fallopian tube cancer. By contrast, tubal ligation was not associated with

reductions in the risk of other cancer types, including hormonally-driven cancers such as

those of the breast and endometrium.

These findings are of interest, because they shed further light on the possible origins

of ovarian cancer, and also of related cancers. High-grade serous carcinoma is the most

common form of not only ovarian cancer, but also of fallopian tube and peritoneal cancers

- and their histological similarities and close anatomical locations have not only led several

professional organisations to recommend similar clinical management,49,231 but also to

hypothesise that they may have similar origins, arising from precursor lesions in the

fallopian tubes.189 The observation that tubal ligation is associated with reductions in

risk of all three tumour types would be consistent with this hypothesis.

Furthermore, the finding that tubal ligation was not associated with a reduction in

the risk of other hormonally-driven cancers would be consistent with the hypothesis that

tubal ligation acts to reduce the risk of these cancer types not primarily by modifying

hormone levels, as some have suggested,209–211 but is more likely to be related to physi-

cally blocking the passage of pro-cancerous agents (whether cells from the endometrium

or fallopian tubes, or other agents).
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10.3.3 Reproductive factors and risk of ovarian cancer histotypes

The analyses in Chapter 7 confirmed that childbearing is associated with a reduced risk

of ovarian cancer overall, with about a 20% reduction in risk associated with the first

birth, and a 6% reduction in risk per subsequent birth. There was again significant

heterogeneity in the associations with parity by histological tumour type: nulliparous

women had a 50-70% increased risk of endometrioid or clear cell tumours compared to

women with one child, but smaller-magnitude and/or non-significant increases in risk of

mucinous or serous tumours. Similarly, each additional birth was associated with a 25%

reduction in risk of clear cell tumours, a 12% reduction in risk of endometrioid tumours,

and smaller or non-significant reductions in risk of mucinous and serous tumours.

These findings are consistent with the new hypotheses of ovarian cancer origins: the

substantial increase in risk of endometrioid and clear cell tumours amongst nulliparous

women could be consistent with a condition (such as endometriosis) that both increases

the risk of infertility/ nulliparity, and also increases the risk of these specific histotypes

of ovarian cancer.

Breastfeeding was associated with a small but significant reduction in risk of ovarian

cancer overall, at least for longer durations: there was about a 10% reduction in risk per

12-months of breastfeeding. This association did not show heterogeneity by histological

type, but it is possible that the analysis was under-powered.

10.3.4 Image analysis of the fallopian tubes

Chapter 8 outlined the development of a novel algorithm (‘macro’) for the identification

of the fallopian tube epithelium, to aid image analysis as part of studies of potential

novel markers of pre-cancerous changes within the fallopian tubes, and described a series

of validation studies that were performed. The results showed that the fallopian tubal
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epithelium can be identified in an automated manner with a reasonable degree of reliabil-

ity, and in a much shorter time, compared to traditional methods of annotating images

by hand.

Although there are some systematic differences between the estimates for percent-

age staining obtained when the epithelium is identified by the macro versus when it is

identified by annotation of the image by hand (the gold standard), these differences are

comparable to the differences between two human observers in estimates of hand-counting

nuclei.

10.3.5 MWS Ovarian cancer tissue pilot study

Chapter 9 described an initial pilot feasibility study of identifying, retrieving and process-

ing histopathology reports and archival tissue samples from participants in the Million

Women Study who were treated for ovarian cancer in Oxford.

The first phase of the pilot study has shown that participants who have been treated

in Oxford can be identified using hospital records, and that we can link to the databases

of the Oxford histopathology services to obtain electronic copies of the pathology reports.

Review of the pathology reports has allowed for validation of the routine data on cancer

diagnoses we receive from the NHS Central Register and from hospital records.

In the planned second phase of this pilot study, it was intended that tissue samples

should be retrieved and processed (scanning selected slides, cutting unstained sections

for immunohistochemistry, and taking tissue cores both for constructing tissue micro-

arrays and for storage for possible future DNA extraction). It has unfortunately not

been possible to complete this second phase of the pilot study within the timescale of

this DPhil, partly due to unexpected capacity constraints at OCHRe. However, it is

hoped that work can continue on this project beyond the confines of this DPhil.
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10.4 Findings in context: the new hypotheses of ovarian can-

cer origins

The main epidemiological findings for different histotypes of ovarian cancer presented in

this thesis (Chapters 5 to 7) constitute an important contribution to the literature on

the aetiology of the disease.

The increasing evidence of the potentially disparate origins of the different ovarian

cancer histotypes has led to growing interest in examining heterogeneity in epidemio-

logical associations. Given the importance of having sufficient cases of the less-common

histotypes, few individual studies can explore these issues, and so the main results of

interest have come from collaborative consortia-based individual-patient meta-analyses.

The largest consortium to report on tubal ligation and reproductive factors and ovarian

cancer risk (the Ovarian Cancer Association Consortium) includes about 10,000 cases of

ovarian cancer,1,26 but is based on retrospective reporting of exposures, which can be

susceptible to considerable bias. There is also a risk of recruitment bias, as women with

ovarian cancer are only recruited to retrospective studies after diagnosis of cancer, and

thus there is a risk that women with more rapidly-fatal or advanced disease may be less

likely to participate.

The largest consortium of prospective studies (the Ovarian Cancer Cohort Con-

sortium) has recently published a summary of ovarian cancer risk factors by histologic

subtype within their consortium;27 however, with about 4,000 cases from 13 studies with

information on tubal ligation, they still have substantially less statistical power than the

Million Women Study to explore heterogeneity by histotype, which is reflected in the fact

that for several exposures they have suggestive but non-significant associations, where

MWS has clear and significant findings. The results reported here, showing associations

by ovarian cancer histotype for the largest prospective study (with more cases than 13
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other prospective studies combined in a consortium), are thus an important contribution

to this growing literature.

It is particularly important to have reliable epidemiological evidence of histotype-

specific associations for ovarian cancer at this time, to aid in evaluating the plausibility of

new hypotheses regarding ovarian cancer origins. Several professional organisations and

individual authors have argued that the evidence for the new hypotheses (particularly as

regards the putative tubal origins for many cases of high-grade serous ovarian cancer) is

so convincing that one should act on it now for ovarian cancer prevention. In particular,

it has been suggested that the fallopian tubes should be removed in any woman who is

having pelvic or abdominal surgery, and who does not want more children, in order to

reduce her risk of ovarian cancer (‘opportunistic prophylactic salpingectomy’).232,233

Some authors have suggested that salpingectomy alone might also be a useful in-

terim step for women with strong genetic risk of ovarian cancer (e.g. carriers of hered-

itary BRCA1/2 mutations), if they wish to reduce their risk of ovarian cancer, but do

not yet feel ready to have their ovaries removed (oophorectomy).234,235 Others, however,

have argued that we do not have sufficient evidence to be certain that salpingectomy

alone would indeed reduce the risk of ovarian cancer (whether in the general population

or in women with BRCA1/2 mutations),236 and that this should first be studied in a

randomised clinical trial.237 In addition, for women with BRCA1/2 mutations, even if

salpingectomy reduced the risk of ovarian cancer, it would have no impact on breast can-

cer (in contrast to oophorectomy, which substantially reduces the risk of breast cancer15).

Non-randomised prospective studies of early salpingectomy with delayed oophorectomy

in BRCA1/2 mutation carriers are currently in progress in the USA (NCT01907789) and

in the Netherlands238 (NCT02321228).

While the epidemiological associations reported here cannot confirm definitively

the new hypotheses (e.g. of origins in the fallopian tubes or endometriosis), they can
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be evaluated for overall consistency. In general, the results reported here are consistent

with the origins hypotheses: tubal ligation is associated with reduced risks of high-

grade serous ovarian cancer, and of cancers of the peritoneum and fallopian tubes, all

of which are hypothesised to arise from the tubal epithelium. For endometrioid and

clear cell ovarian cancers (which are hypothesised to arise from endometriosis), there is

a substantial reduction in risk with tubal ligation (possibly due to blocking endometrial

cells from the uterus), and a substantial increase in risk with nulliparity (possibly related

to endometriosis causing reduced fertility).

Nevertheless, it is important to highlight some findings that might be regarded as

less consistent with the new hypotheses, and questions which remain unanswered - par-

ticularly as regards tubal ligation and the putative mechanisms behind the associations

observed. Firstly, why should the risk of high-grade serous cancer (which is hypoth-

esised to arise from the fimbrial end of the fallopian tube, adjacent to the ovary) be

reduced by tubal ligation (which tends to involve the central portion of the tube). Sec-

ondly, why should tubal ligation (which is performed on average at age 35 in this cohort)

affect the risk of endometriosis-associated endometrioid and clear cell tumours, given

that endometriosis is believed to be already established and symptomatic at a younger

age.239,240 Thirdly, if the association between tubal ligation and ovarian cancer risk is

causal and related to a physical blocking effect (e.g. blocking the passage of certain cell

types through the fallopian tubes), why is there not evidence of an effect of timing of

tubal ligation, with a greater reduction in risk for women who had surgery at a younger

age?

Chapters 8 and 9 describe the development of resources for future tissue-based stud-

ies of ovarian cancer, to expand further understanding of the origins and characteristics

of the different histotypes.

Work done in collaboration with others has already shown that specific markers can
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be identified in the fallopian tube epithelium that appear to be associated with high-

grade serous ovarian cancer (particularly increased expression of SOX2),224 and there is

ongoing work to further investigate this and other markers. For this continuing research,

by both the research groups to which I am affiliated and others, it would be invaluable to

have an automated means of identifying the tubal epithelium, to speed image analysis -

and thus the macro that has been developed and validated as part of this thesis (Chapter

8) is a useful contribution to this small but growing area of research, and has the potential

for significant time-saving.

The pilot study of obtaining pathology reports and archived tissue samples from

Million Women Study participants with ovarian cancer (Chapter 9) has helped to estab-

lish procedures for possible future expansion of the pilot study to other centres within the

UK where MWS participants have been treated for ovarian cancer. The initial purpose of

reviewing reports and slides is to confirm the diagnosis of histological type, or to assign

a clearer one for cases for which it was uncertain (hopefully thus reducing the ‘other/

unspecified’ category). Nevertheless, the scope for immunohistochemical characterisation

of the tumours and fallopian tubes, and possibly targeted sequencing in the future, have

the potential to make this a valuable resource for ongoing and future research.

10.5 Strengths and limitations of the study

The epidemiological analyses conducted in the Million Women Study benefit from the

many strengths of this study, including the prospective design, systematic follow-up with

nationwide coverage using routine linked data from multiple sources (with less than 1%

of the cohort lost to follow-up after more than 14 years), large sample size, and detailed

information on multiple potential confounding factors.

The large sample size not only makes possible analyses by ovarian cancer histotype,
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but also enables analyses of other uncommon but related cancers (such as cancers of the

peritoneum and fallopian tube in Chapter 6). The analyses of other uncommon cancer

types was also facilitated by the prospective design, which allows one to look at risk

factors for multiple different outcomes.

However, although the analyses presented here represent the largest prospective

single study of which I am aware, the cohort is still relatively under-powered for subgroup

analyses by histotype (e.g. timing of births, or timing of tubal ligation, by histotype).

Thus, while the overall findings should be reliable, there is still a potential that some

significant associations in some subgroups may have arisen by chance, or correspondingly

that some real associations were not statistically significant here.

One important limitation of this study was that it made use of routinely-collected in-

formation on cancer diagnoses and histological types, and did not standardly involve cen-

tral histopathological review (whether of reports or slides). Not only is there a risk that

some tumours might have been mis-coded, but classification systems have also changed

over time (e.g. serous carcinomas have changed from a three-tier to a two-tier grading

system), and my attempts to ‘convert’ diagnoses from the old to the new systems are

likely to be imperfect. However, while it is likely that some tumours have been mis-

classified, any misclassification would tend to push tests for heterogeneity by histotype

towards the null. Thus, the fact that substantial heterogeneity by histotype was found

for many different exposures, is additional evidence for the differences between tumour

types being genuine (but probably somewhat underestimated here).

More generally, the fact that outcome data (diagnosis of ovarian cancer histotypes)

came from routine data sources (e.g. cancer registries) has both strengths and limitations.

The obvious strength is that these diagnoses are not dependent on patient recall, and

so should be less susceptible to bias. The limitation, however, is that one is instead

dependent on routine coding systems; these will no doubt have their own flaws, but the
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misclassification is arguably likely to be more at random, and hence introduce random

error rather than bias.

Another potential limitation of the epidemiological analyses was that information

on both the primary exposures, and potential confounders, was all taken from the re-

cruitment questionnaire, and exposure information was not updated based on resurvey

questionnaires. The rationale for this decision was that the primary exposures (e.g.

tubal ligation, parity and breastfeeding), and the most important confounder (use of the

oral contraceptive pill) would not change in a post-menopausal cohort. While exposure

to some other factors might have changed over time (e.g. smoking, alcohol, or use of

menopausal hormones), adjustment for these factors made relatively little difference to

the main estimates of effect for the primary exposures of interest, and thus changes in

exposure with time would also be likely to have little effect.

The validity of the self-reported information in the Million Women Study has been

investigated by several previous validation studies. For example, one validation study was

conducted amongst 541 women who were participants in both the Million Women Study

and the MRC National Survey of Health and Development (NSHD, a cohort study that

recruited participants at birth in 1946), and compared self-reported information from the

MWS questionnaire(s) to information reported or measured closer to the relevant time

from NSHD. This study found a good or excellent level of agreement for many variables

relating to body size and reproductive factors, including body mass index and ever-use

of the oral contraceptive pill.241

Another validation study compared repeated self-reported values for anthropometric

variables from MWS questionnaires to clinical measurements at the end of the study

period for a sample of 4,000 MWS participants.242 This study found that, in general, the

differences between self-reported and measured values were small, and that the values

did not change substantially over time.242
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These validation studies thus suggest that the use of self-reported information from

the Million Women Study is reasonable, as there is a good level of agreement with

measured values, and that updating with later reported measures would probably have

made relatively little difference (especially given that the main variables of interest would

not have changed in this cohort).

The project to validate a macro for identifying the fallopian tube epithelium had

a limitation in its relatively small sample size, with 40 cases in the first phase of the

validation study, and 17 in the second phase. However, it had the strength of being able

to compare staining using several different methods to identify the epithelium, including

hand-annotation, the new macro, and counting of individual nuclei by hand.

The pilot study to obtain archival tissue from Million Women Study participants

with ovarian cancer has unfortunately thus far been unable to progress to retrieving

tissue samples, partly for reasons of timings and logistics. However, the completed first

phase has helped to establish that secure linkage and identification of suitable samples

is possible, has allowed for validation of the diagnoses of ovarian cancer obtained from

routine data sources, and can inform subsequent planning.

10.6 Recommendations for future research

There are several areas for future research that would arise naturally from the work

presented in this thesis.

Firstly, there remain several lifestyle or reproductive factors that have been reported

to be possibly associated with ovarian cancer risk in other studies, and for which infor-

mation is available in the Million Women Study, but which have not previously been

published on by the Collaborative Group on Epidemiological Studies of Ovarian Cancer,

and which have not been investigated in this study. These would include factors such
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as age at menarche, age at menopause, and hysterectomy - for all of which information

is available from the recruitment questionnaire. Information on endometriosis from the

recruitment questionnaire is limited (there was no specific question, but some women

reported endometriosis in a free-text section), but additional information on hospital

diagnoses of endometriosis is available from hospital records. However, careful analysis

would be needed, in order to limit potential biases.

Of particular interest would be future analyses of the risk of ovarian cancer associ-

ated with use of common analgesics, and of talcum powder. However, information on both

of these exposures was only collected for the first time in resurvey questionnaires, and

thus there is currently insufficient follow-up for these analyses to be reliable. Common

over-the-counter analgesics such as aspirin and other non-steroidal anti-inflammatory

drugs (NSAIDS, e.g. ibuprofen) have been reported by some to be associated with a

reduced risk of ovarian cancer.137,138 Use of talcum powder (talc) in the perineal/ genital

area has been reported by several retrospective studies to be associated with an increased

risk of ovarian cancer,133 and has led to several high-profile court cases with large awards

of damages.243,244

Secondly, further work remains to be done on pooling all the available published and

unpublished data to explore associations between these factors and risk of ovarian cancer

by histological type - both for the exposures examined in this thesis (e.g. tubal ligation,

parity and breastfeeding), and for other factors of interest. An overview of the ways in

which the epidemiological associations vary for the different ovarian cancer histotypes

could be invaluable in the ongoing work of trying to determine their origins.

Thirdly, depending on the results of the ongoing pilot study of obtaining tissue

samples from MWS participants with ovarian cancer treated in Oxford, there is a wide

range of potential future work - both in terms of using the samples from the Oxford

pilot study, and expanding the project to encompass women treated at other sites. For
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example, the samples obtained could be used to investigate specific immunohistochem-

ical markers of tumour histotype (using tumour TMAs), or of changes in the fallopian

tubes (using sections of the fallopian tubes). Depending on developments in methods for

extracting DNA from formalin-fixed, paraffin-embedded (FFPE) tissue, it may also be

possible in the future to conduct targeted sequencing; whole-genome sequencing of such

samples will probably be unfeasible.

Taken together, this work could greatly expand our understanding of the molec-

ular/ genetic, histological, and epidemiological characteristics of the different ovarian

cancer subtypes, which would in turn have an impact on the prevention, detection, and

treatment of ovarian cancer.

10.7 Conclusion

In conclusion, there is convincing evidence that tubal ligation is associated with reduced

risks of cancers of the ovary, peritoneum, and fallopian tube, and that childbearing and

breastfeeding are associated with reduced risks of ovarian cancer. These associations

with ovarian cancer are highly heterogeneous between the different histological tumour

types, and these variations are consistent with hypotheses that they may have distinct

origins. In particular, risks of endometrioid and clear cell tumours (which are hypothe-

sised to arise from endometriosis) are substantially reduced amongst women with tubal

ligation, but are substantially increased amongst nulliparous women. For high-grade

serous carcinomas (the most common type of ovarian cancer, and also of fallopian tube

and peritoneal cancers), there is a smaller but significant reduction in risk with tubal

ligation, but associations with parity were not significant.

This thesis has demonstrated the considerable potential for research at the junction

between histopathology and epidemiology, particularly in the field of ovarian cancer, in
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which studies of the variation of population-level associations by histotype can help with

the evaluation of novel hypotheses, and so expand our understanding of the underlying

biology. This thesis has also begun some of the future work that will be needed in this

field, developing techniques in image analysis, and the availability of linked biological

specimens.
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Million Women Study recruitment ques-
tionnaire

This questionnaire was completed by study participants at recruitment, in 1996-2001. I
had no role in developing the questionnaire.
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To help us read your answers please write as clearly as possible and be sure to complete the questionnaire as shown:
Please put a cross in the appropriate box(es)

OR put numbers in the appropriate box e.g. 23rd April 1946  /  /      age  years

�������� �	�
��
�
� ��
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7. About how many cigarettes do you smoke on average
each day, now? (please cross one box)

 none

 less than 5  15-19

 5-9  20-24

 10-14  25 or more

8. Are you an ex-smoker?  No  Yes

9. About how much wine, beer or spirits do you drink on
average each week? (please cross one box for each type)

  Wine       Lager/Cider/Beer   Spirits
  (glasses per week)    (half pints per week)      (tots per week)

 none  none  none

 less than 1  less than1  less than1

 1-3  1-3  1-3

 4-6  4-6  4-6

 7-10  7-10  7-10

 11-15  11-15  11-15

 16-20  16-20  16-20

 21+  21+  21+

If you drink wine is it

 mostly red   mostly white
  about the same amount of red and white?

We need one million women to help us in research that will benefit women all over the world.
Would you become one of these special women?

More and more women are taking hormone replacement therapy (HRT) so it is vital that we find out as much as possible
about its benefits and any possible side effects.  We have a unique opportunity through the NHS Breast Screening Programme
to learn about the way different types of HRT and other lifestyle factors affect a woman’s health, particularly her breasts.
Britain is the only country in the world that can carry out this study because it is the only one with the combination of a large
population and a comprehensive national breast screening programme.

The NHS Breast Screening Programme, the Imperial Cancer Research Fund and the Medical Research Council have
joined together to organise The Million Women Study.  If one million women answer this questionnaire over the next three
years we could have some of the answers to our most important questions about HRT within five years or so.

We would be very grateful if you could set aside some time to answer these questions.  It should not take more than 10-15
minutes.  You do not have to answer this questionnaire and if you decide not to you will still have your screening done in the
normal way.

Please answer every question and do not leave blanks as all the information that you give us is very useful.  If you are not
sure about exact dates or ages an approximate answer is better than none.  If you have any questions you can ring us on
freephone 0800 262 872.

 Even if you are not taking HRT it is just as important that you fill in the questionnaire.
Please bring this questionnaire to your breast screening appointment

1. What is your date of birth? (please put day/month/year)

 /  / 

2. How old are you?    years

3. How tall are you? (please give to the nearest inch)

 feet      inches

4. About how much do you weigh?

  stone   lbs

5. How old were you when you finished full time
schooling? (please cross one box)

  did not go to school  15

  13 or younger  16

  14  17 or older

6. What qualification(s) do you have from school,
college or the equivalent?
(please put a cross in the most appropriate box(es))

 clerical or commercial qualifications
(eg secretarial, hairdressing etc)

  nursing or teaching

  "O” level (or equivalent)

  "A" level (or equivalent)

  college/university degree (or equivalent)

  none of these



(If you have had more than one operation please write
your age at the first operation)

1st
child

2nd
child

3rd
child

4th
child

5th
child

6th
child

7th
child

8th
child

9th
child

10th
child

BREASTFEEDING
(Months that you breastfed
each child; put "0" if you did
not breastfeed that child and
"1" if you breastfed for one
month or less)

please include any sisters who have died)

S
A
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P

L
E

10.  How often do you do any exercise?

 rarely/never  2-3 times a week

 less than once a week   4-6 times a week

 once a week  every day

11.  How often do you do strenuous exercise?
   (that is, enough to cause sweating or a fast heart beat.)

 rarely/never  2-3 times a week
  less than once a week   4-6 times a week

 once a week   every day

QUESTIONS ABOUT YOU AND YOUR FAMILY

12. Have you ever had any children?  No    Yes

 - if No, please go on to question 15

13. How many children have you had?  
 (please include stillbirths; it is not necessary

 to include miscarriages)

14. When was each child born, and for how many
 months did you breastfeed each child, if at all?

DATE OF BIRTH
(If you had twins or triplets please
repeat the same date for each child)
      day           month         year

 /  /  months

 /  /  months

 /  /  months

 /  /  months

 /  /  months

 /  /  months

 /  /  months

 /  /  months

 /  /  months

 /   /   months

15. Have you ever been for breast screening before?

 No

 Yes- If Yes, about how many years ago was your

              last screen?  years ago

16. Have you ever had a breast lump removed or any
 operations on your breast(s)?

 No

 Yes- If Yes, how old were you?    years

17. Have you ever had breast cancer diagnosed?

 No

 Yes- If Yes, how old were you when the cancer

    was first diagnosed?    years

18. Has your mother ever had breast cancer diagnosed?

 No  Don't know

 Yes- If Yes, how old was she when the cancer

    was first diagnosed?    years

19. How many sisters do you have?    sisters

  (put”0” if you do not have any sisters,

20. Have any of your sisters ever had breast cancer
 diagnosed?

 No/No sisters  Don't know

 Yes- If Yes, how old were they when the cancer

    was first diagnosed?

     Ist sister   years    2nd sister   years

QUESTIONS ABOUT YOUR HEALTH

21.  Have you ever had any other cancer?

 Yes  No

 Please describe

22.  Have you EVER had:
   (please cross "Yes" or "No" for each condition)

High blood pressure - when pregnant  Yes  No

High blood pressure - when not pregnant  Yes  No

Heart disease(eg heart attack/angina)  Yes  No

Stroke  Yes  No

Diabetes  Yes  No

High blood cholesterol  Yes  No

Blood clot (thrombosis)  Yes  No

23.  Are you NOW being treated for:

High blood pressure (hypertension)  Yes  No

Heart disease  Yes  No

Diabetes  Yes  No

High blood cholesterol  Yes  No

Varicose veins  Yes  No

Clotting problems  Yes  No

Asthma  Yes  No

Rheumatoid arthritis  Yes  No

Osteoarthritis  Yes  No

Thyroid problems  Yes  No

Osteoporosis  Yes  No

Depression/Anxiety  Yes  No
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24.  Are you NOW being treated for any other serious illness?

 Yes    No

       Please describe this illness

  

  Please describe the treatment

       

QUESTIONS ABOUT PAST OPERATIONS

25.  Have you had a hysterectomy?

 No

 Yes- If Yes, how old were you?    years

26.  Have you had BOTH ovaries removed?

 No    Not sure

 Yes- If Yes, how old were you?    years

27.  Have you been sterilised (had your tubes tied)?

 No

 Yes- If Yes, how old were you?    years

QUESTIONS ABOUT YOUR USE OF THE PILL

28.  Have you ever used the pill (oral contraceptive)?

 Yes

 No - if No, please go to question 32

29.  About how old were you when you first went on

  the pill?    years

30.  About how old were you when you last came off

  the pill?    years

31.  For how many years in total did you take the pill?

     years

(Add together the years and months when you actually took the pill
-do not count the years and months when you were not taking it.
Please write "0" if you used the pill for less than a year in total)

QUESTIONS ABOUT YOUR USE OF HORMONE
REPLACEMENT THERAPY (HRT)

32. Have you ever used hormone replacement therapy

(HRT)?  No  - if No - please go to question 39

 Yes

33.  How old were you when you first started using HRT?
   years

34. Had your periods stopped before you started using
HRT? (Cross "Yes" if you had a hysterectomy before starting HRT)

 No

 Yes - if Yes, how old were you when your

     periods stopped?    years

35.  For about how many years in total have you used

HRT?   years

(Add together the years and months when you used HRT - do
not count the years and months when you were not using HRT.
Please write "0" if you used HRT for less than a year in total)

36.  Are you now using HRT?

 Yes

 No - if No, how old were you when you

�� last used HRT?�� ��years

37.  What is the name of the most RECENT HRT you
  have used?

 Prempak C 0.625mg  Premarin 0.625mg

 Prempak C 1.25mg  Premarin 1.25mg

 Tridestra  Evorel 25mcg/50mcg

 Trisequens  Evorel 75mcg/100mcg

 Trisequens Forte  Progynova 1mg

 Cycloprogynova 1mg  Progynova 2mg

 Cycloprogynova 2mg  Estraderm 25mcg

 Estrapak  Estraderm 50mcg

 Estracombi  Estraderm 100mcg

 Climaval 1mg  Zumenon 1mg

 Climaval 2mg  Zumenon 2mg

 Premique Cycle  Ethinyloestradiol

 Premique  Micronor

 Nuvelle  Provera

 Kliofem  Duphaston

 Livial

 Do not know     Implants     Oestrogel

 Other (please write here)

38.  For how many years in total did you use the most
recent type of HRT?   years

(Please write "0"  if you used this recent HRT for less than a
year in total)
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Please bring this questionnaire to your breast screening appointment

THANK YOU VERY MUCH FOR YOUR HELP

NHS (National Health Service)Number:
(The number on your medical card)

Breast Screening Number:
(This is in the top left hand corner of your screening

invitation letter and starts with the letters LGL)

Surname:

Given name(s):

House number
and street:

District:

Town:

County:

Surname at
birth:

Town of birth:

Breast Screening Unit
Linton House

Thirlestaine Road
Cheltenham

GL53 7AS

       LGL   

If you would like to post this questionnaire back to us, please send it to:
THE MILLION WOMEN STUDY CO-ORDINATING CENTRE
ICRF-CEU, GIBSON BUILDING,
RADCLIFFE INFIRMARY,
OXFORD OX2 6HE

FREEPHONE: 0800 262 872

Postcode#

QUESTIONS ABOUT YOUR PERIODS

39.  About how old were you when your periods started?   years

40.  Have your periods NOW stopped?
Cross "Yes"-if you are not having periods now, either because of your menopause, after a hysterectomy or after stopping HRT.
Cross "No"- if you are still having regular periods now, even if they are because you are taking HRT.
Cross "Irregular"-if your periods have been irregular and you think it might be because of the menopause.

 Yes- If Yes, how old were you when they stopped?      years

 No

 Irregular

FINAL SECTION

41.So that we can find out about your health in the future we may need to contact you again or look at your screening or medical
records.  We would be grateful if you gave us permission to contact you again or to use information from those records.
We guarantee that all information obtained will be treated with absolute confidentiality and used for medical
research only.  Of course, you do not have to give permission. Your response to this request will not affect your screening or
the treatment you receive in any way.

If you give permission, please sign here and print your name, address and other details in the section below.
Please print in BLOCK CAPITALS as clearly as possible.

   Signature:     today’s date: 
 /   /  



Appendix B

Ethical approval for the MWS ovarian
cancer tissue pilot study

B.1 MWS Appendix 28: Ovarian tumour tissue substudy

I drafted this appendix to the Million Women Study Protocol, in collaboration with
others (particularly Professor Gillian Reeves and Professor Jane Green).
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1. THE MILLION WOMEN STUDY 
 
 
MREC application reference no. 97/5/01                                              
 
APPENDIX TO PROTOCOL: OVARIAN TUMOUR TISSUE SUBSTUDY 
 
Part 1. Feasibility Study 
 
Aim 
We plan to utilise stored archival tumour tissue from women diagnosed with 
ovarian cancer within the Million Women Study cohort with the aim of 
examining the aetiology of molecular subtypes of ovarian cancer. In order to 
assess the feasibility of large-scale tumour tissue analyses we plan to conduct 
a pilot study among ovarian cancer cases treated within the Oxford University 
Hospitals Trust. The results of this study will be used to inform the 
development of a protocol for large-scale analyses of ovarian tumour tissue 
within the study. 
 
Background and rationale 
 
Although the Million Women Study was initially set up primarily to describe the 
role of hormonal and other risk factors in breast cancer incidence, the study 
also provides unparalleled opportunities to explore relationships between 
such risk factors and other diseases. This is particularly the case for ovarian 
cancer, as it shares many biological similarities to breast cancer (in being at 
least partly hormonally-driven), but is difficult to study prospectively in any but 
the largest studies, due to its relative rarity.  
 
Over the last decade or so, findings from the Million Women Study1-5 and 
other epidemiological studies have shown that ovarian cancer is a 
heterogeneous disease, and that the impact of many established risk factors 
varies between the histological tumour types (histotypes). Additionally, 
molecular and histopathological studies suggest that the different histotypes 
may have very distinct, and possibly extra-ovarian, origins (for example, it is 
hypothesised that some serous tumours may originate in the fallopian tubes, 
while some endometrioid and clear cell tumours may arise from 
endometriosis).6 Although the clinical diagnosis of ovarian cancer histotype is 
still predominantly on the basis of morphology, the number of histotypes has 
changed in recent years (for example, high-grade and low-grade serous 
tumours are now thought to be distinct tumour types, with different origins), 
leading to a different classification system to that used in historically-
diagnosed samples.7 It has also been suggested that subtyping of ovarian 
cancer may be done more reliably with the aid of immunohistochemical 
markers.8  
 
Although routine data on a limited number of tumour characteristics has 
recently become available through record linkage to NHS datasets, analysis 
of tumour tissue is required to obtain detailed information about tumour 
pathology in order to classify tumours into relevant molecular subtypes. 

THE MILLION WOMEN STUDY 
A national study of women’s health 
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Access to such data would substantially enhance the scientific value of the 
cohort as it would enable us to examine how specific molecular subtypes of 
ovarian cancer vary in terms of risk factors and survival. This work will not 
only provide reliable information on risk factors for rarer forms of ovarian 
cancer but should also help clarify the biological mechanisms underlying the 
development of the disease.  
 
Since processing and analysis of tumour tissue is both expensive and labour 
intensive, it is important to identify the most reliable and efficient means of 
obtaining relevant information on tumour pathology from relatively large 
numbers of tissue samples. For this reason, we first plan to conduct a 
feasibility study among those Million Women Study participants treated for 
ovarian cancer within the Oxford University Hospitals Trust. The results of this 
study will be used to inform a larger study of tissue collection within the 
cohort. 
 
We have previously sought (and been granted) ethics approval to conduct a 
similar feasibility study of retrieving archival samples of tumour tissue from 
Million Women Study participants with breast cancer (MWS Protocol 
Appendix V1.1 2nd March 2015, approved 01/04/2015). The present proposal 
is based on that for breast cancer tumour tissue, and the overarching 
principles are the same. However, we believe that a separate feasibility study 
is necessary for ovarian cancer tumour tissue, as the nature of the original 
samples collected may be different, and the specific tests that would be 
required for molecular characterisation will be different. 
 
Study design 
The feasibility study aims to identify, process and analyse tumour tissue from 
the records of all Million Women Study participants diagnosed with incident 
ovarian cancer (that is after recruitment into the study) and subsequently 
treated for ovarian cancer at one or more hospitals within the NHS Oxford 
University Hospitals Trust. Our records suggest that around 150 women with 
invasive ovarian cancer will be eligible for inclusion into the study. The 
process by which relevant ovarian cancer cases will be identified and samples 
processed is summarised in Figure 1. 
 
Study population 
We will identify women with ovarian cancer who we believe were treated in 
Oxford hospital(s), by using the hospital code as recorded in data we already 
hold from Public Health England (obtained via the Health and Social Care 
Information Centre, HSCIC). Women eligible for the feasibility study will be 
those who have had ovarian cancer diagnosed following recruitment into the 
Million Women Study and who are identified as having ovarian tumour tissue 
stored at the NHS Oxford University Hospitals Trust pathology laboratory.  
 
Biological samples: retrieval, processing and storage 

Retrieval and on-site processing of the tumour tissue samples will be carried 
out at the Oxford Centre for Histopathology Research (OCHRe), an integrated 
service-driven facility which enables access to equipment and methodologies 
for research. The OCHRe is also closely linked to the Oxford Radcliffe 
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Biobank (ORB) which provides a simple and efficient way to collect and store 
samples according to regulatory requirements.  

We will send the OCHRe an encrypted datafile containing a list of women who 
we believe should be on their database, as having been treated for ovarian 
cancer in Oxford. The datafile will contain three variables: Date of birth (DOB), 
NHS number, and a unique identifier generated just for this study. The Million 
Women Study ID number, under which participant information is held in our 
secure study database, will not be shared and the key linking the unique study 
ID with the MWS ID will be held separately from the MWS database. 
Administration staff at the OCHRe will use the NHS number and DOB to link 
to their database, add information from the pathology record, and return the 
enhanced datafile. For sample processing by laboratory staff (see below), 
cases will be identified by means of the unique study identifier only. 

For each eligible woman, the OCHRe will provide the study investigators with 
a copy of the corresponding pathology report, which documents the types of 
tissue sample(s) available and which histopathological tests have already 
been carried out, and, where possible, retrieve formalin-fixed paraffin blocks 
of tissue (which may include samples of the ovary, metastatic tumour, and 
fallopian tubes). From these blocks, sections and tissue cores will be taken for 
the purposes of immunohistochemistry and molecular studies and, where 
appropriate, tissue micro-arrays will be prepared. Samples will be tested for a 
range of immunohistochemical markers, which may include (but is not limited 
to): ARID1A, CDKN2A, DKK1, HNF1B, MDM2, PGR, TP53, TFF3, VIM, WT1, 
cyclin E1, and NCAPH. The number of blocks retrieved, and the type of 
sections or cores taken, will depend on the nature and amount of tissue 
available with a view to avoiding unnecessary depletion of this valuable 
resource. Where sufficient tumour tissue exists, additional samples will be 
taken and stored for future studies for which separate ethics approval will be 
sought.  

Immunohistochemical staining of slides will make use of a work pipeline 
developed by Professor Ahmed, Director of the Ovarian Cancer Cell 
Laboratory at the Weatherall Institute of Molecular Medicine, and Professor of 
Gynaecological Oncology at the University of Oxford. Professor Ahmed has 
previously worked in collaboration with OCHRe on projects involving tissue 
samples from ovarian cancer patients in Oxford. His research group has 
developed expertise in quality control assessment of novel antibodies, and 
works in collaboration with GCP Laboratories (based in the Department of 
Oncology at the University of Oxford) to ensure standardised and validated 
immunohistochemical staining. Prof Ahmed’s laboratory and GCP 
Laboratories have approval (ethics committee number: 11/SC/0014) to 
process tissue and store anonymised samples from ovarian cancer patients, 
including those originating from collaborating groups.  

 
All eligible tissue samples, including slides, sections and cores that are taken 
for the purposes of the pilot study, will remain within the Oxford University 
Hospitals Trust, or within the approved laboratories mentioned above. 
Information on tumour markers derived from the samples will be provided to 
the study investigators by OCHRe via the unique identification number 
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generated solely for the purposes of this study. These data will then be 
entered onto a secure database at the Million Women Study co-ordinating 
centre for further analysis.  
 
Analysis 
Since this is intended to be a feasibility study it is not expected that this 
relatively small subset of data will be sufficient to reliably address any of the 
scientific questions included in the rationale for the study. However, these 
pilot data will be analysed to provide preliminary descriptive findings on the 
distribution of key histopathological tumour markers according to age, other 
tumour characteristics and genetic and environmental factors.  These findings 
will help to inform estimates of statistical power in any subsequent large-scale 
study. They may also be used for comparison with/ validation of 
histopathological diagnoses received from national cancer registries. 
  
Consent, confidentiality and ethical issues 
All women taking part in the Million Women Study (and hence this substudy) 
have given signed consent for follow-up and access to their medical record. 
The substudy does not require any further contact with participants as 
information on ovarian cancer diagnosis is already routinely provided to the 
study investigators and the availability of an appropriate tissue sample can be 
ascertained via linkage to their medical record. 
 
The substudy will conform to current ethical and legal guidelines regarding 
consent, confidentiality and the use of human biological samples. It will be 
conducted in accordance with relevant aspects of the Data Protection Act and 
the Council of Europe’s Recommendation on the Protection of Medical Data. 
It will follow the guidance outlined in the Medical Research Council’s 
documents on Personal Information in Medical Research and on Collections 
of Human Tissue and Biological Samples for Use in Medical Research. Each 
biological sample will be physically identified only by a study-specific code 
number. The information needed to link this number with questionnaire data, 
which may include personal identifying data where necessary for future follow-
up within the Million Women Study, will be held securely and separately from 
other databases. All data will be analysed only in anonymised form and future 
publications will not identify individual women taking part. Our detailed data 
security policies are available online at www.ceu.ox.ac.uk/policies2. 
 
Publication of results 
The Million Women Study is a joint research project of the NHS Breast 
Screening Programme, the Medical Research Council and Cancer Research 
UK. Any results from this substudy will be published in peer-reviewed journals 
and where appropriate the relevant authorities (e.g. the Department of Health) 
will be notified of the findings. 
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Part 2. Linkage to existing studies of ovarian cancer in Oxford 

 
Aim 
We would like to link the Million Women Study cohort with an existing 
database of clinical studies of women with ovarian cancer who have been 
treated in Oxford, co-ordinated by Prof Ahmed Ahmed, Professor of 
Gynaecological Oncology at the University of Oxford. The aim is to identify if 
any participants in the Million Women Study are also participants in Prof 
Ahmed’s studies. If so, then collaboration between the research groups would 
potentially enhance the value of both studies, and allow for more efficient use 
of resources.  

 

Background and rationale 

Professor Ahmed is conducting several clinical studies of patients with ovarian 
cancer in Oxford. As described above, we wish to collaborate with Prof 
Ahmed as part of the ovarian tumour tissue substudy, so that we can utilise 
his expertise and existing work pipelines.  

In addition, it is possible that at least some of the participants in the Million 
Women Study who have been treated for ovarian cancer in the Oxford 
University Hospitals Trust may have also been recruited to participate in other 
studies of ovarian cancer being run by Prof Ahmed. If so, then these women 
may have also had additional samples taken for these other studies (such as 
blood, frozen tumour tissue, or other material), some of which may already 
have been processed and analysed. We thus wish to identify if any of the 
women participating in Prof Ahmed’s studies are also participants in the 
Million Women Study, so that we can collaborate and make the best use of all 
the information and samples available. 

 

Study design 

This proposed linkage is initially primarily exploratory, to see how many 
women (if any) are participants in both the Million Women Study and Prof 
Ahmed’s clinical studies, and what additional clinical information and/or 
biological specimens are available. Further specific studies may then be 
planned, depending on what resources are identified. 

 

Study population 

The linkage study will consist of women who are participants in the Million 
Women Study, and are also participants in Prof Ahmed’s clinical studies of 
ovarian cancer. This will be a (small) subset of women who are participants in 
the Million Women Study and have been treated for ovarian cancer in Oxford. 

As with the ovarian tumour tissue substudy (see Part 1, above), we will 
identify women with ovarian cancer who we believe were treated in Oxford 
hospital(s), by using the hospital code as recorded in data we already hold 
from Public Health England (obtained via the Health and Social Care 
Information Centre, HSCIC). 
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Linkage 

This will use a similar process to that used for linkage to the OCHRe database 
(described above). We will send a designated member of Prof Ahmed’s 
research team an encrypted datafile containing a list of women who we 
believe may be on their database, as having been treated for ovarian cancer 
in Oxford. The datafile will contain three variables: Date of birth (DOB), NHS 
number, and a unique identifier generated just for this linkage study. This will 
allow the designated member of Prof Ahmed’s research team to use the NHS 
number and DOB to link to their database.  

Initially, the aim of the linkage will be to identify a) the number of women (if 
any) who are participants in both studies, and b) the additional clinical 
information and biological samples available. This information will be added, 
and the datafile returned to us; we will then merge this datafile with our whole 
dataset, using the unique identifier. We will not share the Million Women 
Study ID number.  

 
Consent, confidentiality and ethical issues 

All women taking part in the Million Women Study and in Prof Ahmed’s clinical 
studies of ovarian cancer (and hence this proposed linkage substudy) have 
given signed consent for follow-up and access to their medical record. We 
have previously obtained ethical approval for linkage between the Million 
Women Study and two other UK medical research studies, the MRC National 
Survey of Health and Development Cohort /1946 Birth Cohort (approved 
15/01/2008) and UK Biobank (approved 10/07/2012).  

The proposed linkage study will conform to current ethical and legal 
guidelines regarding consent, confidentiality and the use of human biological 
samples. It will be conducted in accordance with relevant aspects of the Data 
Protection Act and the Council of Europe’s Recommendation on the 
Protection of Medical Data. It will follow the guidance outlined in the Medical 
Research Council’s documents on Personal Information in Medical Research 
and on Collections of Human Tissue and Biological Samples for Use in 
Medical Research. The substudy does not require any further contact with 
participants as information on ovarian cancer diagnosis is already routinely 
provided to the study investigators and their participation in Prof Ahmed’s 
studies can be ascertained via linkage to his secure study database. 

 
Publication of results 
The Million Women Study is a joint research project of the NHS Breast 
Screening Programme, the Medical Research Council and Cancer Research 
UK. Professor Ahmed’s studies are jointly funded by Ovarian Cancer Action, 
Target Ovarian Cancer, and the Medical Research Council. Any results from 
this substudy will be published in peer-reviewed journals and where 
appropriate the relevant authorities (e.g. the Department of Health) will be 
notified of the findings. However, as the initial aim of this proposed linkage 
substudy is primarily exploratory, publishable results may not be produced. 
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 Identify Million Women Study participants diagnosed with Ovarian Cancer between 1996-2012 who 
were treated within Oxford Radcliffe Hospitals NHS Trust (n=approx. 150).  

Where there is sufficient tumour tissue available, OCHRe to process tissue samples according to 
separate Protocol (under the supervision of Consultant Gynaecological Pathologist Dr Sunanda Dhar). 

Immunohistochemical staining of slides, slide scanning, and image analysis may take place in 
collaborating expert laboratories within the University of Oxford.  

OCHRe to return results and pathology reports coded with unique ID to Cancer Epidemiology Unit. 
Collaborating laboratories to return scanned images of slides +/- results of relevant image analyses, all 

coded with unique ID, to Cancer Epidemiology Unit. 

Send encrypted list with each participant coded with study-specific unique ID from Cancer 
Epidemiology Unit (CEU) to Oxford Centre for Histopathology Research (OCHRe)  

CEU will incorporate results with anonymised dataset for analysis. These results will inform and help 
plan future tissue sample analysis on a nationwide basis.  

OCHRe to extract pathology report, ascertain number of tumour blocks available, and retrieve blocks 
where possible. 

Figure 1. Flow Chart describing Pilot Study to assess feasibility of Ovarian Tissue Sample 
processing and analyses for participants in The Million Women Study 
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East of England - Cambridge South Research Ethics Committee 

The Old Chapel 
Royal Standard Place 

Nottingham 
NG1 6FS 

 
 

04 March 2016 
 
Professor Valerie Beral 
Director, Cancer Research UK Epidemiology Unit, Oxford 
University of Oxford 
Richard Doll Building 
Roosevelt Drive 
Oxford 
OX3 7LF 
 
 
Dear Professor Beral 
 

Study title: The Million Women Study 

REC reference: 97/5/001   

Amendment number: Amendment 28 (substantial) 

Amendment date: 24 February 2016 

Study title: The Million Women Study 

 
The above amendment was reviewed by the Sub-Committee in correspondence.  
 
Ethical opinion 
 
The members of the Committee taking part in the review gave a favourable ethical opinion 
of the amendment on the basis described in the notice of amendment form and supporting 
documentation. 
 
Approved documents 
 
The documents reviewed and approved at the meeting were: 
 

Document   Version   Date   

Covering letter on headed paper [From Lynden Guiver, University of 
Oxford]  

Amendment 
28 
(substantial)  

16 February 2016  

Notice of Substantial Amendment (non-CTIMP) [Signed by 
Professor Beral and Dr Ronja Bahadori, University of Oxford]  

Amendment 
28 
(substantial)  

24 February 2016  

Other [MWS Appendix to Protocol]  1.2  24 February 2016  

 
Membership of the Committee 
 
The members of the Committee who took part in the review are listed on the attached 
sheet. 
 



R&D approval 
 
All investigators and research collaborators in the NHS should notify the R&D office for the 
relevant NHS care organisation of this amendment and check whether it affects R&D 
approval of the research. 
 
Statement of compliance 
 
The Committee is constituted in accordance with the Governance Arrangements for 
Research Ethics Committees and complies fully with the Standard Operating Procedures for 
Research Ethics Committees in the UK. 
 
We are pleased to welcome researchers and R & D staff at our NRES committee members’ 
training days – see details at http://www.hra.nhs.uk/hra-training/  
 

97/5/001:  Please quote this number on all correspondence 

 
Yours sincerely 

 
Dr Leslie Gelling 
Chair 
 
 
E-mail:   nrescommittee.eastofengland-cambridgesouth@nhs.net  
 
 
Enclosures: List of names and professions of members who took part in the 

review 
 



East of England - Cambridge South Research Ethics Committee 
 

Attendance at Sub-Committee of the REC meeting on 04 March 2016 
 
  
Committee Members:  
 

Name   Profession   Present    Notes   

Dr Leslie Gelling  (Chair) Reader in 
Research Ethics  

Yes     

Dr Frank Wells  (Vice-Chair) Retired 
Pharmaceutical 
Physician  

Yes     

  

Also in attendance:  
 

Name   Position (or reason for attending)   

 Nicola Kohut  REC Assistant  
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Tubal ligation and ovarian cancer risk in a large cohort:
Substantial variation by histological type

Kezia Gaitskell, Jane Green, Kirstin Pirie, Gillian Reeves and Valerie Beral;

on behalf of the Million Women Study Collaborators

Cancer Epidemiology Unit, University of Oxford, Oxford, United Kingdom

Histopathological and molecular studies suggest that different histological subtypes (histotypes) of ovarian cancer have differ-

ent aetiologies. Few studies have been large enough to explore reliably the effect of tubal ligation (sterilization), which has

been associated with a reduced overall risk of ovarian cancer, on different tumour histotypes. In a prospective study of 1.1

million UK women without prior cancer or bilateral oophorectomy, 8,035 ovarian cancers occurred during mean follow-up of

13.8 years. Using a Cox proportional hazards model, we estimated adjusted relative risks of ovarian cancer associated with

tubal ligation. Overall, there was substantial heterogeneity in tumour risk associated with tubal ligation for the four main his-

totypes, serous, endometrioid, mucinous and clear cell (heterogeneity: p < 0.0001). For serous tumours, the most common his-

totype (n 5 3,515), risks differed significantly between high-grade (RR: 0.77, 95% CI: 0.67–0.89) and low-grade tumours (RR:

1.13, 95% CI: 0.89–1.42); heterogeneity: p 5 0.007. Relative risks were almost halved for endometrioid (n 5 690, RR: 0.54,

95% CI: 0.43–0.69) and clear cell tumours (n 5 401, RR: 0.55, 95% CI: 0.39–0.77), but there was no association between

tubal ligation and mucinous tumours (n 5 836, RR: 0.99, 95% CI: 0.84–1.18). For the main tumour histotypes we found little

variation of risk by timing of tubal ligation. The significant differences by tumour histotype are unlikely to be due to confound-

ing and are consistent with hypotheses that high-grade and low-grade serous tumours have different origins, and that some

endometrioid and clear cell tumours might arise from cells and/or carcinogens travelling through the fallopian tubes.

Ovarian cancer is one of the most common causes of cancer
death amongst women in high income countries.1 There is
increasing evidence that the different histological subtypes
(histotypes) of ovarian cancer may have different origins, and

show different molecular signatures.2–5 The vast majority of
ovarian cancers are epithelial tumours, of which the four
most common histotypes are serous, mucinous, endometrioid
and clear cell tumours.6 For serous tumours, it has been fur-
ther suggested that they be divided into low-grade serous
tumours (consisting of serous borderline tumours and low-
grade serous carcinoma) and high-grade serous carcinoma.

Meta-analyses of observational epidemiological studies
have consistently found that tubal ligation (also known as
sterilization, in which the fallopian tubes are clipped, cut, or
tied) is associated with an overall reduced risk of ovarian
cancer. However, published findings by tumour histotype are
inconsistent, except perhaps that most investigators have
reported a reduced risk for endometrioid tumours.7–9 Epide-
miological studies need to be sufficiently large to have
enough power to detect reliably heterogeneity by tumour his-
totype. We therefore report here on the association observed
between tubal ligation and incident ovarian cancer in a large
cohort study of UK women.

Material and Methods
Study design, data collection and follow-up

The Million Women Study is a prospective study of 1.3 mil-
lion UK women, recruited in 1996–2001 via the UK National
Health Service (NHS) Breast Screening Programme. At
recruitment, women completed a questionnaire on socio-
demographic, reproductive, medical and lifestyle factors. The
cohort is resurveyed approximately every 3 to 5 years. The
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study design and methods are described in detail else-
where,10,11 and questionnaires can be viewed online at http://
www.millionwomenstudy.org.

All participants have been flagged on the NHS Central
Register (NHSCR), so the study investigators are routinely
notified of cancer registrations and deaths. The information
provided includes the date of the event (cancer registration or
death), together with the cancer site (coded using the 10th
revision of the International Classification of Diseases, ICD-
10)12 and tumour morphology (coded using the second and
third editions of the International Classification of Diseases for
Oncology, ICD-O).13,14 The Million Women Study has also
been linked to data from the National Cancer Intelligence Net-
work (NCIN), providing additional information on diagnostic
histology codes, and on tumour grade, for cases diagnosed in
England. For this study, tumour histology and grade informa-
tion from NCIN were used where available, to supplement the
NHSCR data.

All participants gave written consent to follow-up at recruit-
ment. Ethical approval was granted by the Oxford and Anglia
Multi-Centre Research Ethics Committee (MREC 97/01).

Exposure variables

Women in the study were asked at recruitment “Have you
been sterilised (had your tubes tied)?,” and if so, their age at
sterilization (used for analyses of the timing of sterilization).

Outcome

The outcome of interest was ovarian cancer (C56 in ICD-
10).12 For histotype analyses, the outcome was split into five
histological groups: serous (ICD-O codes 8441–8442, 8451,
8460–8463, 9014), mucinous (ICD-O codes 8470–8490),
endometrioid (ICD-O codes 8380–8381, 8560, 8570, 8933,
8950), clear cell (ICD-O codes 8310, 8313) and other.

For some exploratory analyses, tumour types were ana-
lysed separately by grade (available for about 40% of all
cases). Three-tier grading systems had generally been used
(including those outlined by FIGO (International Federation
of Gynecology and Obstetrics),15 WHO (World Health Orga-
nization),16 and Silverberg17), and the few cases classified as
“grade 4” were grouped together with “grade 3” tumours.

Serous tumours were divided into low-grade tumours
[defined here as borderline (ICD-O codes 8442, 8451, 8462,
8463) or grade 1 serous tumours], and high-grade serous car-
cinoma (defined here as grade �2 serous tumours). The

assumptions we made in converting tumour grade informa-
tion from the three-tier (grade 1–3) to the two-tier (low-
grade vs. high-grade) system for serous carcinoma were in
line with those used in other publications.4,18,19

Endometrioid tumours were divided into two, i.e., grade 1
or 2, and grade 3, as it has been suggested that some high-
grade (grade 3) endometrioid ovarian carcinomas might be the
same as high-grade serous carcinomas20 and should be consid-
ered with them.4

Clear cell tumours were not divided by grade, as all clear
cell ovarian cancers are high-grade/grade 3, by definition.4,20,21

Mucinous tumours were split into mucinous borderline
tumours (ICD-O codes 8472–8473) and mucinous carcinoma
(ICD-O codes 8470–8471 and 8480–8490); the mucinous car-
cinomas were not further subdivided by tumour grade, as
numbers were small.

Statistical analysis

Women were excluded from the analyses if: (i) they had
been diagnosed with any invasive cancer other than nonme-
lanoma skin cancer (ICD-10 code C44) prior to recruitment
(n5 66,221), (ii) they reported at recruitment having had
both ovaries removed (bilateral oophorectomy), or if they
were unsure whether they had or not (n5 170,769), or (iii)
they had missing data on tubal ligation (n5 15,712). The
remaining women (N5 1,132,914) contributed person-years
from the date of recruitment into the study until the date of
registration for ovarian cancer, the date of death, or last date
of follow-up (December 31, 2013)—whichever was soonest.
Women were censored at diagnosis of any nonovarian can-
cer. For analyses exploring effects of the timing of tubal liga-
tion, women were excluded if they had missing information
on age at tubal ligation (n5 14,684). About 1% of partici-
pants had been lost to follow-up and such women are
censored at the date when they were lost, contributing
person-years until then.

Cox (proportional hazards) regression models were used
to estimate hazard ratios [referred to as relative risks (RRs)]
of developing ovarian cancer by tubal ligation status.
Attained age was the underlying time variable. There was no
evidence of significant violation of the proportional hazards
assumption, as assessed by graphical methods and tests based
on Schoenfeld residuals.

All analyses were stratified by geographical region (10
regions corresponding to the areas covered by the cancer

What’s new?

Tubal ligations can reduce ovarian cancer—but possibly only certain types. This large study reports on the risk of four main

ovarian tumour histotypes following tubal ligation. They found that the procedure almost halved the risk of clear cell tumors

and endometrioid tumours, but had little effect on mucinous tumours. For serous tumours, risk varied by grade: tubal ligation

reduced the risk of high-grade, but not low-grade, serous tumours. These findings support the hypothesis that high- and low-

grade serous tumours have different causes, and that some ovarian tumours may arise from cells or carcinogens travelling

through the fallopian tubes.
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registries), and further adjusted for parity (0, 1, 2, 31), use of
the oral contraceptive pill (never, ever), family history of breast
cancer (no, yes), hysterectomy (no, yes), use of menopausal
hormones (never, ever), body mass index (BMI) (<25 kg/m2,
25–29 kg/m2, 301 kg m22), smoking history (never, past, cur-
rent) and quintiles of socioeconomic status (based on the
Townsend deprivation index).22 All adjustment variables were
as reported at recruitment. For adjustment variables, missing
values were assigned to a separate category. Exposure informa-
tion was either missing or reported as unknown for �6% of
women for all potential confounders. Sensitivity analyses were
conducted excluding all women with missing data on covari-
ates within the model.

Other factors (including alcohol consumption, physical
activity and age at menarche) were explored as potential con-
founders, but were not included in the final model as their
inclusion made no appreciable difference to the main estimate
of effect.

Tests of heterogeneity in the relationship between tubal
ligation and ovarian cancer risk by histotype were performed
using a competing risks approach.23

To explore possible effect modification of the main relation-
ship between tubal ligation and ovarian cancer, multiplicative
interaction terms were modelled between tubal ligation and
each potential confounder in turn. Likelihood ratio tests were
used to compare the models with versus without the interaction
terms.

Analyses were also conducted to explore possible effects of
age and time with tubal ligation, including age at, time since
and calendar year of tubal ligation, and whether the tubal liga-
tion was in the same year as the last birth or afterward. All
analyses of the timing of tubal ligation were restricted to
parous women, as there were very few nulliparous women
who had had a tubal ligation. Where comparisons are made
between more than two exposure categories, group-specific
confidence intervals for the log risk in each group were calcu-
lated, allowing comparisons to be made between any two cate-
gories, even if neither is the reference group.24 Conventional
95% confidence intervals (CI) are given in the text.

Analyses were performed in Stata-14.25 Tests of statistical
significance were two-sided. Figures were drawn in R using
Matthew Arnold and Paul Sherliker’s “Jasper” package.

Results
A total of 1,132,914 women, mean age at recruitment 56.1
[standard deviation (SD) 4.8] years, were included in the
analyses. At recruitment, 246,048 (22%) reported having had
a tubal ligation, at median age 35 [interquartile range (IQR)
31–38], and median year 1978 (IQR 1973–1982). Women
who reported a previous tubal ligation were more likely to be
parous, to have used the oral contraceptive pill and meno-
pausal hormones, to have had a hysterectomy, to be a current
smoker, and to live in areas in the lower third of

Table 1. Characteristics of the study population at recruitment, and details of follow-up, by tubal ligation status

Tubal ligation

Characteristics No Yes All women

Number of women 886,866 246,048 1,132,914

Mean (SD) age at recruitment (years) 56.3 (4.9) 55.3 (4.3) 56.1 (4.8)

Socioeconomic status, lower third, % (n) 30.5 (268,314) 38.0 (92,663) 32.1 (360,977)

Mean age at menarche (SD) 13.0 (1.6) 13.0 (1.6) 13.0 (1.6)

Nulliparous, % (n) 13.3 (117,319) 2.6 (6,352) 10.9 (123,671)

Ever use of oral contraceptive pill, % (n) 57.0 (501,857) 70.3 (171,546) 59.9 (673,403)

Ever use of menopausal hormones, % (n) 44.5 (390,518) 54.9 (133,529) 46.7 (524,047)

Hysterectomy, % (n) 14.2 (126,054) 19.4 (47,579) 15.4 (173,633)

Mean age at natural menopause (SD) 49.3 (4.2) 48.7 (4.5) 49.1 (4.3)

Family history of breast cancer, % (n) 9.8 (82,101) 10.0 (22,781) 9.9 (104,882)

Mean (SD) body mass index (kg/m2) 26.0 (4.6) 26.6 (4.8) 26.1 (4.7)

Current smoker, % (n) 18.4 (153,773) 26.4 (61,264) 20.1 (215,037)

Strenuous exercise �once/week, % (n) 39.8 (340,538) 37.7 (89,266) 39.3 (429,804)

Alcohol intake, �7 units/week, % (n) 23.6 (207,870) 25.5 (62,130) 24.0 (270,000)

Follow-up for incident ovarian cancer

Woman-years of follow-up for incidence (100,000s) 122.6 33.9 156.5

Mean follow-up time per woman (SD) 13.8 (3.4) 13.8 (3.3) 13.8 (3.4)

Number of incident ovarian cancers 6,693 1,342 8,035

Means and percentages are calculated excluding missing values for the variable of interest.
n: number of women. SD: standard deviation.
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socioeconomic status, compared to women without tubal
ligation (Table 1).

The women were followed up for incident ovarian cancer
over 15.6 million person-years, with a mean duration of
follow-up of 13.8 (SD 3.4) years per woman. During this
period, 8,035 incident ovarian cancers were registered, of
which 3,515 (44%) were serous; 836 (10%) were mucinous; 690
(9%) were endometrioid; 401 (5%) were clear cell and 2,593
(32%) were of other histological types (mostly unspecified epi-
thelial tumours). The mean age at diagnosis of ovarian cancer
was 65.1 years (SD 6.4).

The relative risk of ovarian cancer amongst women with
tubal ligation compared to those without was 0.80 (95% CI:
0.76–0.85, p< 0.001), after adjustment for age, region, parity,
family history of breast cancer, hysterectomy, socioeconomic
status, body-mass index, smoking and use of contraceptive or
menopausal hormones.

There was strong evidence of heterogeneity by histotype
(Fig. 1; heterogeneity, p5 0.0001). Tubal ligation was associ-
ated with almost a halving in the risk of endometrioid (RR:
0.54, 95% CI: 0.43–0.69) and clear cell tumours (RR: 0.55,
95% CI: 0.39–0.77), and a lesser but still significant reduction
in the risk of serous tumours (RR: 0.84, 95% CI: 0.77–0.92),

but there was no significant reduction in the risk of muci-
nous tumours (RR: 0.99, 95% CI: 0.84–1.18).

When we divided serous tumours into low-grade serous
tumours (serous borderline tumours and low-grade serous car-
cinoma) and high-grade serous carcinoma, risks differed signif-
icantly (heterogeneity, p5 0.007). There was strong evidence
that tubal ligation was associated with a reduction in the risk of
high-grade serous carcinoma (n5 1,593, RR: 0.77, 95% CI:
0.67–0.89), but not of low-grade serous tumours (n5 447, RR:
1.13, 95% CI: 0.89–1.42).

In view of suggestions that some tumours classified as high-
grade endometrioid tumours might have been mis-diagnosed
high-grade serous tumours,4 we conducted an exploratory
analysis, splitting endometrioid tumours into low-grade carci-
noma, and high-grade carcinoma. There was again heterogene-
ity in the risks (p5 0.008), with tubal ligation associated with a
greater reduction in the risk of low-grade (n5 212, RR: 0.41,
95% CI: 0.24–0.68), than of high-grade endometrioid carci-
noma (n5 205, RR: 0.94, 95% CI: 0.64–1.36).

When mucinous tumours were split into borderline and
fully malignant subtypes, there was little or no association
between tubal ligation and the risk of either mucinous bor-
derline tumours (n5 410, RR: 0.98, 95% CI: 0.76–1.25) or

Figure 1. Relative risk of subtypes of ovarian cancer in women with versus without a history of tubal ligation. N 5 1,132,914. Results

show relative risks (hazard ratios) of ovarian cancer amongst women with a history of tubal ligation compared to women without a history

of tubal ligation, by histological subtype. Analyses are adjusted for age, region, parity, family history of breast cancer, hysterectomy, use of

the oral contraceptive pill and menopausal hormones, body mass index, smoking and socioeconomic status. Serous tumours have been

split into low-grade (serous borderline tumours and low-grade serous carcinoma, here defined as grade 1) and high-grade (serous carci-

noma of grade �2). Endometrioid tumours have been split into low-grade (here defined as grade 1–2) and high-grade (grade 3); see main

text for discussion of rationale for this. Note: The numbers of grade-specific serous and endometrioid tumours do not sum to the total num-

bers of serous and endometrioid tumours, as information on tumour grade was missing for 1,475 serous carcinomas and 273 endometrioid

carcinomas.
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fully malignant mucinous carcinoma (n5 426, RR: 1.01, 95%
CI: 0.79–1.29).

A sensitivity analysis excluding all women with missing
values in any of the adjustment variables showed that the
association between tubal ligation and ovarian cancer, and
the variation by histotype, was not appreciably changed (data
not shown).

There was little or no variation in risk either by age at,
year of, or years since tubal ligation, or whether tubal ligation
was performed in the same year as the last birth or subse-
quently, for ovarian cancer overall, and for endometrioid and
clear cell tumours (Fig. 2). Compared to women without
tubal ligation, for serous tumours there was some suggestion
of a greater reduction in risk with tubal ligations performed
�1974 (RR: 0.69, 95% CI: 0.58–0.81), than with those per-
formed in 1975–1979 (RR: 0.92, 95% CI: 0.80–1.07), or those
performed in 1980 or later (RR: 0.84, 95% CI: 0.73–0.98),
heterogeneity: p5 0.02. There was also some suggestion of a
greater reduction in risk for women with a time since tubal
ligation of >25 years (RR: 0.77, 95% CI: 0.69–0.86) than for
�25 years since tubal ligation (RR: 0.94, 95% CI: 0.80–1.10),
heterogeneity: p5 0.04.

There was no significant variation in the association
between tubal ligation and ovarian cancer with parity, use of
contraceptive or menopausal hormones, hysterectomy, age at
natural menopause, family history of breast cancer, smoking,
socioeconomic status, frequency of strenuous exercise or

alcohol intake (Fig. 3). There was some weak evidence of het-
erogeneity by body mass index and age at menarche,
although this may well be due to chance, as multiple statisti-
cal tests were performed.

Discussion
In a large prospective cohort study with 8,035 incident cases
of ovarian cancer, we found strong evidence that the risk of
ovarian cancer associated with tubal ligation varied by
tumour histotype. We found a modest reduction in risk of
the most common histotype, serous tumours, as had been
previously reported.7–9 However, when we split serous
tumours into low-grade serous tumours and high-grade
serous carcinoma, we found significant differences, with a
20% reduction in risk of high-grade serous carcinoma, but
no reduction in risk of low-grade serous tumours. This is the
first study to report a significant difference between the risks
of low-grade versus high-grade serous ovarian tumours asso-
ciated with tubal ligation.

We found about a halving of the risk of endometrioid and
of clear cell tumours associated with tubal ligation. Others
have reported similar findings for endometrioid tumours.7–9

Reported findings for clear cell tumours are mixed, perhaps
because it is relatively uncommon. We found little or no
association between tubal ligation and the risk of mucinous
ovarian cancer, in keeping with some reports,7,8 though not
others.9

Figure 2. Relative risk of ovarian cancer in relation to the timing of tubal ligation (amongst parous women only). Results show relative

risks (hazard ratios) of ovarian cancer by the timing of tubal ligation, with 95% group-specific confidence intervals (95% g-s CI). Each tim-

ing analysis was a separate model. For each analysis, we excluded nulliparous women, and sterilized women if their age at tubal ligation

was unknown [993,166 women (6,744 cases) included in analyses]. For the analysis of tubal ligation at versus after the last birth, women

with an unknown age at last birth were also excluded [967,166 women (6,556 cases) included in analyses]. Analyses are adjusted for age,

region, parity, family history of breast cancer, hysterectomy, use of the oral contraceptive pill and menopausal hormones, body mass index,

smoking and socioeconomic status. Heterogeneity tests are among women with a tubal ligation only.
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New hypotheses about the origins of ovarian cancer have
provoked a reconsideration of possible mechanisms underly-
ing the reduced risk of ovarian cancer with tubal liga-
tion.7,9,26,27 The significant heterogeneity seen here between
low-grade versus high-grade serous tumours is consistent
with the hypothesis that the two tumour subtypes develop
along distinct pathways.

High-grade serous ovarian cancer is hypothesised to arise
from precursor lesions within the fallopian tubal epithelium,
particularly in the fimbrial end adjacent to the ovary, and
subsequently seed to the ovary. There is considerable evi-
dence for this, including several studies showing putative pre-
cursor lesions within the fallopian tubes (such as focal areas
of epithelium featuring mutations in the tumour-suppressor

Figure 3. Relative risk of ovarian cancer in women with versus without a history of tubal ligation, by subgroup. Results show the relative

risks (hazard ratios) of ovarian cancer in women with versus without tubal ligation, by various other factors. The results for each subgroup

are from separate models, restricted to women with no missing information on that variable, and thus total numbers of participants and

cases will differ. Analyses are adjusted for age, region, parity, family history of breast cancer, hysterectomy, use of the oral contraceptive

pill or menopausal hormones, body mass index, smoking and socioeconomic status, as appropriate.
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gene TP53 or aberrant expression of its protein p53, and/or
areas of dysplasia or intraepithelial serous carcinoma), not
only in prophylactic salpingoophorectomy specimens from
women with an increased genetic risk of ovarian cancer, and
from women with known high-grade serous ovarian can-
cer,28–34 but also in salpingoophorectomy specimens from
women not known to be at increased genetic risk, in some
cases with accompanying incidental invasive high-grade
serous carcinoma.35–37 The putative precursor lesions in
many cases show molecular changes that are similar or iden-
tical to those seen in co-existing high-grade serous ovarian
cancer, particularly in terms of TP53 mutations33 (mutations
in the gene for p53 being characteristic and ubiquitous in
high-grade serous ovarian cancer38).

The origins of low-grade serous tumours are considerably
more uncertain. In many cases, there appears to be a step-
wise progression from ovarian epithelial inclusion cysts,
through benign cystadenomas and serous borderline tumours,
to low-grade serous carcinoma. Evidence for this includes the
frequent co-existence of serous borderline tumours with low-
grade serous carcinomas,18 and similar molecular changes:
both serous borderline tumours and low-grade serous carci-
nomas commonly feature mutations in BRAF or KRAS,39 but
rarely in TP53,40 in contrast to high-grade serous carcinoma.
It has been suggested that some low-grade serous tumours
may also originate indirectly from tubal epithelial cells (per-
haps from benign or hyperplastic tubal epithelial cells which
become trapped in the ovary as epithelial inclusion cysts at
the time of ovulation, possibly at a young age),41,42 but the
evidence for this is much less established than that for the
tubal origins of high-grade serous carcinoma.

Surgical ligation of the fallopian tube might reduce the
risk of high-grade serous ovarian cancer, either by physically
obstructing the passage of tubal cells toward the ovary, or by
collateral damage to the local tubal blood supply, with poten-
tial subsequent effects on the tubal epithelium. In addition,
some forms of tubal sterilization involve removal of some or
all of the tube, and/or disruption of the distal end of the
tube—which might have been more common in the past, and
could possibly explain the significantly greater risk reduction
found for tubal ligations done before than after 1974.

The apparent lack of an effect of tubal ligation for low-
grade serous tumours is consistent with the hypothesis that
they have a different origin to high-grade serous ovarian can-
cer. However, it is not entirely incompatible with a possible
tubal origin for low-grade serous tumours (e.g., if the precur-
sor cells of origin had already been attached to the ovary
before the tubal ligation occurred).

Some endometrioid and clear cell tumours are thought to
develop from endometriosis,3,4 and one might speculate that
the almost halving of risk seen with tubal ligation could be
due to the blocking of retrograde menstruation through the
fallopian tubes to the ovaries and pelvis. It could also reflect
the blocking of the transport of carcinogens up the tubes to
the ovaries and pelvis. For any mechanism that involved the

blockage of menstruation or the passage of carcinogens up
the tube, one might expect the association with tubal ligation
to vary by timing (e.g., a greater reduction in risk for tubal
ligation performed at a younger age, or longer ago). How-
ever, we found no suggestion of any association with the tim-
ing of tubal ligation for ovarian cancer overall or for
endometrioid and clear cell tumours, and only limited evi-
dence of an association with the year of, and years since,
tubal ligation for serous tumours. These findings are in keep-
ing with most, but not all, previous studies.7–9

Our study has several strengths, in addition to the large
sample size and number of cases. In particular, the prospec-
tive collection of exposure data helped to prevent differential
recall of tubal ligation or other factors amongst women with
and without cancer. The use of routinely collected national
data for follow-up and ascertainment of incident ovarian can-
cer resulted in few participants being lost to follow-up. The
prospective study design also facilitated the involvement of
women with more aggressive tumour types, who might not
be included in retrospective studies, as there can be a sub-
stantial time lag between cancer diagnosis and recruitment to
a retrospective study. The high prevalence of tubal ligation
(22%) was also an advantage in terms of statistical power.

One potential weakness of our study was that we did not
undertake central histopathological review of our cases, for
standardization and incorporation of the latest diagnostic crite-
ria. The distribution of histotypes amongst our cases was con-
sistent with those from other population-based studies, with
serous tumours accounting for around 65% of those of the
four main histotypes, endometrioid tumours for 13%, muci-
nous 15%, and clear cell 7% (by way of comparison, the corre-
sponding percentages from the EPIC cohort are: 67% serous,
13% endometrioid, 14% mucinous, and 6% clear cell43). This
distribution is slightly different to that reported by two
hospital-based studies of ovarian cancer cases, in both of
which mucinous tumours accounted for only around 3% of
cases44,45; this may reflect differences in the study populations
(North America vs. Europe), or historical differences in diag-
nostic criteria (e.g., mucinous tumours in our cohort might
include some metastases from the gastrointestinal tract).

About 32% of ovarian cancers in our study were not
recorded as being of one of the four main histotypes (serous,
endometrioid, clear cell or mucinous). Of these, 87% were
epithelial tumours of other, mixed, or unspecified type
(mostly unspecified adenocarcinoma, ICD-O code 8140, or
unspecified carcinoma, ICD-O code 8010), and 10% were
unspecified malignant tumours (ICD-O code 8000). Given
that high-grade serous carcinoma is the most common histo-
type of ovarian cancer, it seems likely that many of the
tumours listed as unspecified carcinoma/adenocarcinoma are
in fact high-grade serous tumours. This would be supported
by our observation that tubal ligation is associated with a
similar reduction in risk of other/unspecified ovarian cancer
(RR: 0.80, 95% CI: 0.71–0.89) as of high-grade serous carci-
noma (RR: 0.77, 95% CI: 0.67–0.89).

C
an

ce
r
E
pi
de
m
io
lo
gy

1082 Tubal ligation and ovarian cancer risk in a large cohort

Int. J. Cancer: 138, 1076–1084 (2016) VC 2015 The Authors International Journal of Cancer published by John Wiley & Sons Ltd on behalf of UICC



Tumour histology may have been classified in somewhat
different ways by different pathologists. Any such misclassifi-
cation would tend to blur differences by tumour histotype,
yet distinctly heterogeneous risks were found. This argues
strongly for causality, as it confirms that the variation in risk
associated with tubal ligation is not just due to confounding,
and strengthens hypotheses that different histotypes of ovar-
ian cancer have different causes.
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Tubal ligation and incidence of 26 site-specific
cancers in the Million Women Study
Kezia Gaitskell*,1, Kate Coffey1, Jane Green1, Kirstin Pirie1, Gillian K Reeves1, Ahmed A Ahmed2,
Isobel Barnes1 and Valerie Beral1 on behalf of the Million Women Study collaborators3

1Cancer Epidemiology Unit, Nuffield Department of Population Health, University of Oxford, Richard Doll Building, Roosevelt
Drive, Oxford OX3 7LF, UK and 2Nuffield Department of Obstetrics and Gynaecology and The Weatherall Institute of Molecular
Medicine, John Radcliffe Hospital, Headington, Oxford OX3 9DS, UK

Background: Tubal ligation is known to be associated with a reduction in ovarian cancer risk. Associations with breast, endometrial
and cervical cancers have been suggested. We investigated associations for 26 site-specific cancers in a large UK cohort.

Methods: Study participants completed a questionnaire on reproductive and lifestyle factors in 1996–2001, and were followed for
cancer and death via national registries. Using Cox regression models, we estimated adjusted relative risks (RRs) for 26 site-specific
cancers among women with vs without tubal ligation.

Results: In 1 278 783 women without previous cancer, 167 430 incident cancers accrued during 13.8 years’ follow-up. Significantly
reduced risks were found in women with tubal ligation for cancers of the ovary (RR¼ 0.80, 95% CI: 0.76–0.85; Po0.001; n¼ 8035),
peritoneum (RR¼ 0.81, 0.66–0.98; P¼ 0.03; n¼ 730), and fallopian tube (RR¼ 0.60, 0.37–0.96; P¼ 0.04; n¼ 168). No significant
associations were found for endometrial, breast, or cervical cancers.

Conclusions: The reduced risks of ovarian, peritoneal and fallopian tube cancers are consistent with hypotheses of a common
origin for many tumours at these sites, and with the suggestion that tubal ligation blocks cells, carcinogens or other agents from
reaching the ovary, fallopian tubes and peritoneal cavity.

Tubal ligation (female sterilisation) is known to be associated with
a reduced risk of ovarian cancer (Sieh et al, 2013). Reports of
associations with other cancers have varied. In particular, several
investigators have described associations with breast (Irwin et al,
1988; Kreiger et al, 1999), endometrial (Kjaer et al, 2004), cervical
(Mathews et al, 2012) and anal cancers (Coffey et al, 2015). We
report here the associations between tubal ligation and risk of 26
site-specific cancers in a large cohort of UK women.

MATERIALS AND METHODS

Study design, data collection and follow-up. The Million
Women Study is a prospective study of 1.3 million UK women,
recruited in 1996–2001. Participants completed a questionnaire at
recruitment, on socio-demographic, reproductive and lifestyle

factors. Information on tubal ligation came from responses to
the question ‘Have you been sterilised (had your tubes tied)?’ on
the recruitment questionnaire. The study design and methods have
been described previously (The Million Women Study
Collaborative Group, 1999; Million Women Study Collaborators,
2003) and questionnaires can be viewed online at http://
www.millionwomenstudy.org.

Follow-up for outcomes was based on routine registers:
participants have been flagged on the NHS Central Register for
cancer registrations and deaths. Information on cancer provided to
investigators includes the date of registration and cancer site
(coded using the 10th revision of the International Classification of
Diseases, ICD-10) (World Health Organization, 1992). All
participants gave written consent to follow-up at recruitment.
Ethical approval was granted by the Oxford and Anglia Multi-
Centre Research Ethics Committee (MREC 97/01).

*Correspondence: Dr K Gaitskell; E-mail: kezia.gaitskell@ceu.ox.ac.uk
3Members of the Million Women Study collaborators are listed before the references.
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Statistical analysis. Women were excluded from the analyses if they
had invasive cancer other than non-melanoma skin cancer (ICD-10
code C44) before recruitment (n¼ 66 221 (5%)), or missing data on
tubal ligation (n¼ 40 612 (3%)). The remaining women (n¼ 1
278 783) contributed person-years from the date of recruitment until
the earliest of the date of registration of any cancer (other than non-
melanoma skin cancer), the date of death, or last date of follow-up
(31st December 2013). About 1% of participants were lost to follow-
up and contributed person-years until the date they were lost.

Cox (proportional hazards) regression models were used to
estimate hazard ratios (referred to as relative risks (RRs)) of
developing a given cancer by tubal ligation status. Attained age was
the underlying time variable. Analyses were run separately for each
of 26 cancer types or sites, defined by ICD-10 code, and for all
cancer (any invasive cancer other than non-melanoma skin cancer,
ICD-10 C44). Analyses were limited to cancer types for which 500
or more cases with an identified primary site had accrued. In
addition, we conducted an analysis for fallopian tube cancers (ICD-
10 C57.0), despite having fewer than 500 cases, as there is a
reasonable prior hypothesis that surgery to the fallopian tube might
affect the incidence of cancer at this site.

All analyses were stratified by geographical region (10 regions
corresponding to the areas covered by the cancer registries) and
quintiles of socioeconomic status (based on the Townsend
deprivation index) (Townsend et al, 1988), and additionally
adjusted for parity (0, 1, 2, 3þ ), age at first birth (o20, 20–24,
25–29, 30þ ), smoking (never, past, current o10 cigarettes/day,
current 10–19 cigarettes/day, current 20þ cigarettes/day), average
alcohol intake per week (none, p7 units, 47 & p14 units, 414
units), frequency of strenuous exercise (oonce/week, Xonce/
week), use of menopausal hormones (never, ever), use of the oral
contraceptive pill (never, ever), hysterectomy (no, yes), and body
mass index (o25 kg m� 2, 25–29 kg m� 2, 30þ kg m� 2).

All adjustment variables were as reported at recruitment. For
adjustment and stratification variables, missing values were assigned
to a separate category. Exposure information was either missing or
reported as unknown for p6% of women for all potential confounders.
Analyses of ovarian cancer risk were restricted to women without
bilateral oophorectomy; those of endometrial and cervical cancer were
restricted to women without hysterectomy; those of fallopian tube
cancer were restricted to women without either bilateral oophorectomy
or hysterectomy (as the fallopian tubes might potentially be removed as
part of either surgery). Analyses were performed in Stata-14 (StataCorp,
2015). Figures were drawn in R (R Development Core Team, 2015)
using Matthew Arnold’s ‘Jasper’ package (Arnold, 2015).

RESULTS

The study population included 1 278 783 women without prior
cancer, average age 56.1 (s.d. 4.9) at recruitment, 23% of whom
reported a tubal ligation, at an average age of 34.5 (s.d. 5.3). Table 1
shows baseline characteristics of the cohort. A total of 167 430
cancers accrued, after a mean follow-up of 13.8 years (s.d. 3.4). The
average age at cancer diagnosis was 65.6 years (s.d. 6.5). There was
no association between tubal ligation and risk of all cancers
combined (RR¼ 1.00, 95% confidence interval (CI): 0.98–1.01).

Figure 1 displays adjusted RRs and 95% CIs of 26 site- or type-
specific cancers among women with vs without tubal ligation.
There was a 20% reduction for ovarian cancer risk (RR¼ 0.80, 95%
CI: 0.76–0.85; Po0.001) and a reduction of similar magnitude for
peritoneal cancers (RR¼ 0.81, 95% CI: 0.66–0.98; P¼ 0.03) (ICD-
10 code C48, which includes both peritoneal and retroperitoneal
cancers). We found a large reduction in risk of cancers of the
fallopian tube, but confidence intervals were wide (RR: 0.60, 95%
CI: 0.37–0.96, P¼ 0.04).

We also found increased risk of anal cancer (RR¼ 1.34, 95% CI:
1.11–1.63; P¼ 0.002), as previously reported (Coffey et al, 2015).

The small increase in risk of lung cancer (RR¼ 1.09, 95% CI:
1.05–1.13) may well be due to residual confounding from
smoking — as women with tubal ligation were much more likely
to be current smokers, and to smoke more cigarettes per day, than
women without tubal ligation. There was no association between
tubal ligation and lung cancer risk among never-smokers
(RR¼ 1.04; 95% CI: 0.91–1.19).

There were no significant associations between tubal ligation
and risk of cancers at the other sites, including cancers of the
endometrium, cervix, breast and colorectum.

DISCUSSION

To our knowledge, this is the largest and most comprehensive
analysis so far of the association between tubal ligation and
subsequent risk of cancer. We found that tubal ligation was
significantly associated with reduced risks of ovarian, peritoneal,
and fallopian tube cancers, and an increased risk of anal cancer, but
was not associated with breast, endometrial or cervical cancer, as
had been suggested by others.

The reduction in ovarian cancer risk has been reported by
others (Cibula et al, 2011; Rice et al, 2012; Sieh et al, 2013). We
previously reported significant heterogeneity by histological type of
ovarian cancer, finding that tubal ligation was associated with a
modest reduction of serous tumours overall (RR¼ 0.84, 95% CI:
0.77–0.92), and about a 20% reduction in risk of high-grade serous
carcinoma, and almost a halving of risk of endometrioid and clear
cell ovarian tumours (Gaitskell et al, 2016). These findings are
consistent with hypotheses regarding possible different origins of
the ovarian cancer histotypes, and that many cases of high-grade
serous ovarian cancer may arise from precursor lesions within the
fallopian tubes, while some endometrioid and clear cell tumours
may develop from endometriosis (Kurman and Shih, 2011; Prat,
2012). Although the precise mechanism by which tubal ligation
reduces the risk of ovarian cancer is unclear, part of the
explanation could be that it acts as a physical barrier to pro-
cancerous substances passing through the fallopian tubes to the
ovaries (whether endometriosis, fallopian tube epithelial cells,
infectious agents, or exogenous carcinogens).

Table 1. Characteristics of the study population at
recruitment, and details of follow-up, by tubal ligation status

Tubal ligation

No Yes

Characteristics
Number of women 984 059 294 724
Mean (s.d.) age at recruitment (years) 56.3 (5.0) 55.4 (4.3)
Socioeconomic status, lowest quintile, % (n) 18.1 (176 985) 25.1 (73 503)
Nulliparous, % (n) 13.3 (130 818) 2.6 (7558)
Ever use of oral contraceptive pill, % (n) 56.5 (551 799) 69.5 (202 511)
Ever use of menopausal hormones, % (n) 47.5 (463 250) 58.2 (169 199)
Hysterectomy, % (n) 21.9 (215 280) 29.1 (84 514)
Mean (s.d.) body mass index (kg m�2) 26.1 (4.6) 26.7 (4.9)
Current smoker, % (n) 18.5 (171 593) 26.9 (74 647)
Strenuous exercise Xonce/week, % (n) 39.5 (375 006) 37.1 (105 032)
Alcohol intake, X7 units/week, % (n) 23.3 (227 830) 24.8 (72 471)

Follow-up for cancer incidence
Woman-years of follow-up (100 000 s) 136.0 40.5
Mean (s.d.) follow-up time per woman 13.8 (3.4) 13.8 (3.3)
Number of incident cancers 129 531 37 899

Abbreviations: n¼Number of women; s.d.¼ standard deviation. Notes: Means and
percentages are calculated excluding missing values for the variable of interest.
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Few other studies have reported on the association between
tubal ligation and risk of peritoneal cancer, and they have tended to
be limited by small numbers of cases. Our study included 730 cases
of peritoneal cancer; two retrospective studies have reported their
findings—one study including 62 cases found no association
(Grant et al, 2010); and another including 22 cases reported a
reduced risk (Purdie et al, 1995; Green et al, 1997).

We believe that this is the first study to report that tubal ligation
is associated with a significant reduction in risk of fallopian tube
cancer (Riska et al, 2007; Vicus et al, 2010).

Our finding that tubal ligation is associated with a reduction in
risk of ovarian, peritoneal and fallopian tube cancers perhaps
reflects their histological and clinical similarity, and possible
similar site of origin (Kurman et al, 2014). The majority of the
peritoneal and fallopian tube cancers with specified histology were
serous carcinomas, which is also the most common histotype of
ovarian cancer (Gaitskell et al, 2016). There is increasing evidence
from histological, molecular and genetics studies that many high-
grade serous carcinomas found in the ovary or peritoneum may
have originated from precursor lesions in the fallopian tube
(reviewed in (Nik et al, 2014; Perets and Drapkin, 2016)).

As the majority of the putative precursor lesions for high-grade
serous cancers are found within the fimbrial end of the fallopian
tube (Przybycin et al, 2010; Gilks et al, 2015), adjacent to the ovary,
it is perhaps surprising that tubal ligation (which normally involves
surgery to the mid-portion of the tube) should reduce the risk of
such tumours. It may be that, historically, some surgical
sterilisation procedures involved cutting and removing a portion
of the fallopian tube, rather than simply clipping the tube (as is
now more common). Alternatively, it may be that surgery causes
local vascular changes with consequent effects on the tubal

epithelium. One of the limitations of our study is that we do not
have information on the type of surgical procedure performed, and
thus are unable to explore possible differences in association
between different surgical techniques.

For endometrial cancer, a reduced risk associated with tubal
ligation was reported in a Danish cohort (Kjaer et al, 2004), but we
and others have not replicated this association (Castellsague et al,
1996; Lacey et al, 2000). One group of investigators reported that
tubal ligation was associated with an increased risk of cervical
cancer (Mathews et al, 2012), but again, neither other findings
(Li and Thomas, 2000) nor ours replicated this.

Reports of the relationship between tubal ligation and breast
cancer risk have been varied, including suggestions of either a
reduced (Kreiger et al, 1999; Calle et al, 2001) or increased risk
(Irwin et al, 1988), although the majority of studies reported no
significant association (Brinton et al, 2000; Eliassen et al, 2006;
Iversen et al, 2007; Dorjgochoo et al, 2009; Press et al, 2011; Gaudet
et al, 2013; Nichols et al, 2013), consistent with our findings.

We have previously reported in detail on the risk factors for anal
cancer in the Million Women Study (Coffey et al, 2015); factors
associated with an increased risk of anal cancer included tubal
ligation, nulliparity, smoking, past use of the oral contraceptive pill,
and not living with a partner. The strongest association was with a
history of cervical intraepithelial neoplasia grade 3 (RR¼ 4.03, 95%
CI: 2.59–6.28), reflecting the importance of high-risk strains of
human papilloma virus as causative agents of both cervical
(Walboomers et al, 1999) and anal (International Agency for
Research on Cancer, 2009) cancers. It is unclear why tubal ligation
should be associated with an increased risk of anal cancer, and it
may be that this apparent association reflects confounding by
sexual behaviour and exposure to human papilloma virus. For

Cancer type or site (ICD-10 code)

Fallopian tube (C57.0)

Ovary (C56)

Peritoneum & retroperitoneum (C48)

Vulva (C51)

Oral cavity and pharynx (C00-C14)

Endometrium (C54)

Cervix (C53)

Liver (C22)

Breast (C50)

Malignant melanoma (C43)

Colorectum (C18-C20)

Connective tissue (C49)

Mesothelioma (C45)

Leukaemia (C91-95)

Non-Hodgkin's lymphoma (C82-85)

Bladder (C67)

Pancreas (C25)

Oesophagus (C15)

Kidney (C64)

Stomach (C16)

Brain (C71)

Lung (C34)

Small intestine (C17)

Multiple myeloma (C90)

Thyroid (C73)

Anus (C21)

Cases

168

730

914

2065

891

619

560

10 589

60 400

18 197

3013

6355

2383

4224

2302

3297

2100

521

568

2226

16 855

2517

1051

6467

1267
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Figure 1. Relative risk of cancer incidence by site or type among women with vs without tubal ligation. Results are adjusted for age, region,
socioeconomic status, parity, age at first birth, hysterectomy, smoking, alcohol intake, physical activity, body mass index, and use of the oral
contraceptive pill or menopausal hormones. The analysis of fallopian tube cancer is restricted to women without bilateral oophorectomy or
hysterectomy. The analysis of ovarian cancer is restricted to women without bilateral oophorectomy. Analyses of endometrial and cervical cancer
are restricted to women without hysterectomy.
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example, as tubal ligation is usually performed for permanent
contraception, it is likely to be more common among women who
are sexually active, and who thus may be more likely to be exposed
to sexually-transmitted infections, such as human papilloma virus,
and the consequent increased risk of anal cancer.

There have been reports on possible relationships between tubal
ligation and other cancers, including possible reductions in risk of
colorectal (Cape and Kreiger, 1999; Rosenblatt et al, 2004) and
stomach cancer (Dorjgochoo et al, 2009), and increased risks of
thyroid cancer (Braganza et al, 2014) and lymphatic and
haematopoietic malignancies (Kjaer et al, 2004). We did not
replicate any of these findings.

The large size of the cohort, the individual information on
possible confounding factors, and the complete and long follow-up,
provided reliable estimates of risks associated with tubal ligation
for 26 specific cancer sites, even relatively uncommon ones. We
found no association between tubal ligation and the risk of cancers
of the endometrium, breast, or cervix. By contrast, tubal ligation is
associated with a clear reduction in risk of ovarian cancer, a
reduction of similar magnitude of peritoneal cancer, and a
reduction of fallopian tube cancer. That tubal ligation is associated
with a reduced risk of cancers of the ovary, peritoneum and
fallopian tube, but not of other hormonally-related cancers, is
consistent with the hypothesis that many of the cancers at these
sites have a shared origin in the fallopian tube, and that tubal
ligation reduces cancer risk by acting as a barrier to cells,
carcinogens or other agents reaching the ovary and peritoneal
cavity, rather than by affecting hormone levels.
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Menopausal hormone use and ovarian cancer risk: individual 
participant meta-analysis of 52 epidemiological studies
Collaborative Group on Epidemiological Studies of Ovarian Cancer*

Summary
Background Half the epidemiological studies with information about menopausal hormone therapy and ovarian 
cancer risk remain unpublished, and some retrospective studies could have been biased by selective participation or 
recall. We aimed to assess with minimal bias the eff ects of hormone therapy on ovarian cancer risk.

Methods Individual participant datasets from 52 epidemiological studies were analysed centrally. The principal 
analyses involved the prospective studies (with last hormone therapy use extrapolated forwards for up to 4 years). 
Sensitivity analyses included the retrospective studies. Adjusted Poisson regressions yielded relative risks (RRs) 
versus never-use.

Findings During prospective follow-up, 12 110 postmenopausal women, 55% (6601) of whom had used hormone 
therapy, developed ovarian cancer. Among women last recorded as current users, risk was increased even with <5 years 
of use (RR 1·43, 95% CI 1·31–1·56; p<0·0001). Combining current-or-recent use (any duration, but stopped 
<5 years before diagnosis) resulted in an RR of 1·37 (95% CI 1·29–1·46; p<0·0001); this risk was similar in European 
and American prospective studies and for oestrogen-only and oestrogen-progestagen preparations, but diff ered across 
the four main tumour types (heterogeneity p<0·0001), being defi nitely increased only for the two most common 
types, serous (RR 1·53, 95% CI 1·40–1·66; p<0·0001) and endometrioid (1·42, 1·20–1·67; p<0·0001). Risk declined 
the longer ago use had ceased, although about 10 years after stopping long-duration hormone therapy use there was 
still an excess of serous or endometrioid tumours (RR 1·25, 95% CI 1·07–1·46, p=0·005).

Interpretation The increased risk may well be largely or wholly causal; if it is, women who use hormone therapy for 
5 years from around age 50 years have about one extra ovarian cancer per 1000 users and, if its prognosis is typical, 
about one extra ovarian cancer death per 1700 users.

Funding Medical Research Council, Cancer Research UK.

Copyright © Collaborative Group on Epidemiological Studies of Ovarian Cancer. Open Access article distributed 
under the terms of CC BY.

Introduction
Use of hormone therapy for the menopause increased 
rapidly during the 1990s, then halved abruptly in the 
early 2000s after publication of the Women’s Health 
Initiative, a large randomised trial,1 but has stabilised 
during the 2010s with about 6 million users in the USA 
and UK alone (fi gure 1, appendix p 4).

Current hormone therapy guidelines vary in what is 
said about ovarian cancer. The European drug regulatory 
guidelines2 do not mention the disease, nor does the 
US Food and Drug Administration statement3 (based 
just on the Women’s Health Initiative, which recorded 
few ovarian cancers). UK drug regulatory guidelines4 
state that ovarian cancer might be increased by long-
term use, but were dominated by fi ndings from 
one large study;5 new UK guidelines are being developed. 
The most recent WHO review was completed before 
results from most large studies were published, so 
merely concluded that there was insuffi  cient evidence 
about any ovarian cancer risk.6 Recently, some non-
governmental reviews have argued that a few years of 
hormone therapy use starting before the age of 60 years 

should cause no material harm.7 Most individual studies 
have, however, been too small to assess reliably any risks 
associated with use for only a few years (which is 
nowadays the usual pattern), so a systematic review of 
the worldwide epidemiological evidence is needed.

Reliable epidemiological assessment of any 
association of hormone therapy use with ovarian cancer 
requires large numbers and careful control of all 
potential sources of appreciable bias, and reviews just of 
the published evidence cannot provide this. For, 
although many studies of ovarian cancer collected some 
information about hormone therapy use, some were 
focused chiefl y on other issues. Hence, published data 
about hormone therapy use are available for only about 
half the studies of ovarian cancer that have relevant data 
(appendix pp 5–9). Moreover, in some of the studies 
with retrospective designs, hormone therapy users 
might have been more willing than non-users to 
participate as controls, or there might have been 
diff erential recall of hormone therapy use between 
women already diagnosed with ovarian cancer and 
unaff ected women. The Collaborative Group on 
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Epidemiological Studies of Ovarian Cancer was 
established in 1998 to bring together and analyse 
centrally individual participant data from all epidemio-
logical studies of ovarian cancer, assessing the risks 
associated with hormonal and other factors. To evaluate 
with minimal bias the association of ovarian cancer 
with just a few years of hormone therapy use, or with 
past use, the principal analyses review detailed data 
from those prospective studies with information about 
both duration and recency of hormone therapy use. 
Sensitivity analyses review the evidence from all studies, 
prospective or retrospective.

Methods
Identifi cation of studies and collection of data
Since 1998, epidemiological studies, published and 
unpublished, have been sought regularly by computer-
aided literature searches, manual searches of review 
articles, written communications, and discussions at 
scientifi c meetings (see appendix p 5 for search strategy). 
Eligible studies are those with information on hormone 
therapy use, parity, oophorectomy and hysterectomy, 
and, if completed after 2006, at least 200 cases of ovarian 
cancer. By January, 2013, 58 such studies were identifi ed 

and principal investigators from each eligible study had 
been invited to collaborate. Datasets from 52 studies are 
included in these analyses and publications from 
three others are reviewed (appendix pp 5–10). 

Cases are postmenopausal women with malignant, or 
borderline-malignant, epithelial or non-epithelial ovarian 
cancer; controls are postmenopausal women without 
ovarian cancer or previous oophorectomy. 

In prospective studies, up to four randomly selected 
matched controls per case were selected. Individual data 
from 51 of the 52 studies were analysed centrally as 
case-control comparisons; because of data protection 
laws, individual data from the Danish Sex Hormone 
Register Study8 could not be exported, so its investigators 
provided detailed tabular results to combine with those 
of other studies (appendix p 6). 

Information was sought for each woman on socio-
demographic, reproductive, and other factors, including 
hormone therapy use before cancer diagnosis for cases 
and to an equivalent time for controls. Postmenopausal 
was defi ned as having reached natural menopause or 
age 55 years (because >90% of women have a natural 
menopause before that age9). Hysterectomy can mask 
natural menopause, so women younger than 55 years 
with a hysterectomy were excluded. Information sought 
about hormone therapy included ever-use, current use, 
age at fi rst and last use, total duration of use, and 
constituents of each preparation. The hormone therapy 
preparation last used was classifi ed as oestrogen-only or 
oestrogen-progestagen (or other/unknown formulation; 
appendix p 6).

Tumour histology was classifi ed as fully malignant or 
borderline-malignant, and as epithelial or not. Epithelial 
tumours were further subdivided into the four most 
common types: serous, endometrioid, mucinous, or 
clear-cell (or mixed/other; appendix p 6). When 
appropriate, the International Classifi cation of Diseases 
for Oncology10 was used.

Full details about information sources, search 
strategy, data collection, and defi nitions are provided in 
the appendix.

Statistical analyses and presentation of results
A protocol was circulated to collaborators and preliminary 
results were discussed at a meeting of investigators in 
July, 2011. Poisson logistic regression comparing particular 
groups of hormone therapy users with never-users yielded 
odds ratios, described here as relative risks (RRs). 
When more than two groups were compared (eg, current-
or-recent users, long-term ex-users, and never-users), the 
variance of the log risk was estimated for each group 
(appendix p 6).11 These group-specifi c variances were 
used to calculate group-specifi c CIs, facilitating valid 
comparisons between any two or more groups, whether or 
not one of them was designated as the baseline group.

The principal analyses include the prospective studies 
only, to avoid any possible biases associated with 

Figure 1: Trends in hormone therapy use in the USA and the UK since 1970
For source of data, see appendix p 4.
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diff erential participation or recall in retrospective studies, 
but throughout the main report sensitivity analyses are 
given that include both the prospective and the 
retrospective studies. Results for the retrospective studies 
only are given in the appendix (pp 17, 19, 20), and 
heterogeneity tests were done to compare results from 
prospective and retrospective studies.

Because women can change their use of hormone 
therapy over time, follow-up in prospective studies was 
censored 4 years after hormone therapy use was last 
recorded (sensitivity analyses explored other cutoff s); 
duration and recency of use were estimated as if the 
last recorded use had continued (ie, duration of use in 
those who were current users when last asked increased 
by 1 year for each year of follow-up, as did time since 
last use of hormone therapy in ex-users). Hence, if in 
a prospective study of hormone therapy use the 
information last recorded before diagnosis is correct, 
then in analyses that combine current users with recent 
ex-users (ie, women who stopped <5 years before 
diagnosis), the current-or-recent users would include 
no misclassifi ed women. Likewise, the never-users are 
contaminated with few hormone therapy users: only 
those who started in the interval of less than 4 years 
before diagnosis, which would be so uncommon 
(appendix p 6) as to dilute only slightly any real eff ects 
of hormone therapy use on risk.

To ensure that women in one study were compared 
directly only with similar women in that same study, all 
analyses were stratifi ed by study, centre within study, age 
(5-year age groups up to 85–89 years), and body-mass 
index (<25, 25–29, or ≥30 kg/m²), and were adjusted for 
parity (0, 1–2, or ≥3), past use of oral contraceptives (never, 
<5 years of use, or ≥5 years of use), and age at menopause 

(natural menopause before age 50 years, natural 
menopause after age 50 years, or previous hysterectomy). 
Unknowns for each variable were assigned to separate 
strata. Sensitivity analyses investigated additional 
adjustment for eight other potential confounding factors. 
Standard χ² tests for heterogeneity were used.

Results were weighted by the amount of statistical 
information in each stratum (inverse of the variance of 
log RR) and are presented as squares and lines, 
representing RRs and CIs (or, where appropriate, 
group-specifi c CIs). Study-specifi c results give 99% CIs 
(to allow for multiple testing), but most other results in 
the fi gures and all results in the text have 95% CIs. To 
illustrate the correspondence between relative and 
absolute risks in hormone therapy users, absolute risks 
were estimated from ovarian cancer incidence rates in 
England (appendix p 11).12 Analyses were done with 
STATA 13.

Role of the funding sources
The study funders had no role in study design, data 
collection, analysis or interpretation, report preparation, 
or the decision to publish. The analysis and writing 
committee had full access to all the data and had fi nal 
responsibility for the decision to submit for publication.

Results
Overall information was provided for 21 488 post-
menopausal women with ovarian cancer (cases) from 
52 studies (17 prospective and 35 retrospective; 
appendix pp 7–10). The prospective studies contributed 
more than half of the cases (12 110), with mean 
diagnosis year 2001 (SD 6), 55% (6601) of whom had 
used hormone therapy, with median duration 6 years 

Figure 2: Relative risk of ovarian cancer by duration of use in current and past users of hormone therapy
*Risk relative to never-users of hormone therapy, stratifi ed by age at diagnosis, study, and body-mass index, and adjusted for age at menopause, hysterectomy, oral 
contraceptive use, and parity. p values are two-sided and include the eff ects of the group-specifi c variance in never-users.
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Duration ≥5 years                       

Past users, ≥5 years since last use

Duration <5 years                       

Duration ≥5 years                       

Relative risk (95% group-specific CI)*

1·43 (1·31–1·56)  p<0·00001

1·00 (0·96–1·04)

1·41 (1·34–1·49)  p<0·00001

1·17 (0·98–1·38)  p=0·08

1·29 (1·11–1·49)  p=0·0008

0·94 (0·88–1·02)  p=0·1

1·10 (1·01–1·20)  p=0·02

0·75 1·0 1·25 1·5

Relative risk (95% group-specific CI)*

Prospective studies All studies

1·27 (1·18–1·37)  p<0·00001

1·00 (0·97–1·03)

1·34 (1·28–1·41)  p<0·00001

1·11 (0·99–1·24)  p=0·07

1·25 (1·13–1·39)  p=0·00002

0·97 (0·91–1·03)  p=0·3

1·11 (1·03–1·20)  p=0·008

0·75 1·0 1·25 1·5

3/2

10/10

1/1

10/10

1/1

9/9

Median years 
of hormone 
therapy use
(prospective/
all studies)

Hormone 
therapy use

5429/10 571

571/897

1798/2311

158/458

224/623

940/1453

728/889

Cases 
(prospective/
all studies)
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(IQR 2–10). By contrast, in the retrospective studies 
only 29% (2702) of the women had used hormone 
therapy, with median duration 4 years (IQR 1–10), and 
the mean diagnosis year was 1992 (SD 8), well before 
peak hormone therapy use (fi gure 1).

Ovarian cancer risk was signifi cantly greater in 
ever-users than in never-users of hormone therapy 
(RR 1·20, 95% CI 1·15–1·26, p<0·0001 for prospective 
studies; 1·14, 1·10–1·19, p<0·0001 for all studies 
combined; every study-specifi c result is provided in 

Study (country)

Prospective studies

Europe

EPIC (eight European countries)                       

DaHoRS (Denmark)                                  

Million Women Study (UK)                          

Other (Netherlands, Norway, Sweden)               

All Europe

North America

BCDDP (USA)                                       

CPS–II Mortality (USA)                          

CPS–II Nutrition (USA)                          

Nurses' Health Study (USA)                        

NIH—AARP (USA)                                  

Other (Canada, USA)                               

All North America

All prospective studies

Retrospective studies

Europe

Negri/Franceschi/La Vecchia (Italy)               

Riman (Sweden)                                    

Other (Denmark, Germany, Greece, Poland)          

All Europe

North America

Rosenberg (USA)                                   

Pike/Wu (USA)                                     

Goodman/Wu (USA)                                  

SHARE (USA)                                       

Newcomb (USA)                                     

HOPE (USA)                                        

Other (Canada, USA)                               

All North America

Elsewhere

Green/Purdie (Australia)                          

AOCS (Australia)                                  

Other (China, Israel)                             

All elsewhere

All retrospective studies

57/140

600/1384

1500/2500

39/243

2196/4267

85/120

23/485

91/116

173/177

135/157

48/107

555/1162

2751/5429

32/1107

145/468

57/272

234/1847

51/377

149/131

173/185

97/270

113/174

121/207

260/1050

964/2394

49/385

289/487

2/29

340/901

1538/5142

0 0·5 1·0 1·5 2·0 2·5

Number of cases in current-
or-recent users/never-users 
of hormone therapy

1·71 (0·96–3·06)

1·49 (1·31–1·69)

1·28 (1·14–1·44)

1·08 (0·54–2·18)

1·37 (1·26–1·50)

1·40 (0·87–2·24)

1·21 (0·61–2·40)

1·57 (0·99–2·51)

1·17 (0·84–1·63)

1·69 (1·04–2·74)

1·14 (0·47–2·79)

1·35 (1·11–1·65)

1·37 (1·27–1·48)

1·97 (1·04–3·75)

1·29 (0·96–1·74)

0·86 (0·51–1·44)

1·25 (0·99–1·59)

1·21 (0·75–1·96)

1·02 (0·64–1·63)

0·60 (0·38–0·94)

0·98 (0·63–1·52)

1·18 (0·81–1·72)

0·91 (0·60–1·40)

1·11 (0·84–1·48)

1·01 (0·87–1·17)

0·84 (0·46–1·52)

0·93 (0·69–1·25)

Insufficient data

0·90 (0·69–1·18)

1·04 (0·93–1·16)

Relative risk for current-
or-recent users vs never-users 
of hormone therapy (99% CI)*

Figure 3: Study-specifi c results for the relative risk of ovarian cancer for current-or-recent users versus never-users of hormone therapy
For study-specifi c details and references, see appendix pp 7–10. Dotted lines represent totals for all prospective studies and, separately, for all retrospective studies. 
Study-specifi c results are arranged by study design and region; results are given for individual studies with the most statistical information (ie, with variance of 
log relative risk <0·03). Results for the remaining studies are grouped together here (and given separately for every study in appendix p 14). In comparisons of relative 
risks in prospective versus retrospective studies, overall heterogeneity p<0·0001; for European studies, heterogeneity p=0·4; and for North American studies, 
heterogeneity p=0·002. In a comparison of relative risks in prospective studies, Europe versus North American heterogeneity p=0·9; for retrospective studies, Europe 
versus North American heterogeneity p=0·04. References provided in the appendix. *Risk relative to never-users of hormone therapy, stratifi ed by age at diagnosis, 
study, and body-mass index, and adjusted for age at menopause, hysterectomy, oral contraceptive use, and parity.



Articles

www.thelancet.com   Vol 385   May 9, 2015 1839

appendix p 12). Subsequent analyses were restricted to 
women with information both on duration of use and 
on time since last use of hormone therapy; this 
exclusion of studies without information on duration of 
use or time since last use slightly increased these RRs 
(appendix p 13).

Risk was strongly related to recency of use (fi gure 2). 
In prospective studies, risk was greatest in women who 
when last asked had been current users (RR 1·41, 
95% CI 1·32–1·50; p<0·0001). Among them, risk was 
substantial even in those who, at diagnosis, had less 
than 5 years (median duration 3 years) of hormone 
therapy use (RR 1·43, 95% CI 1·31–1·56; p<0·0001).

Risk was, however, also signifi cantly increased in 
women who had been recent ex-users and would at the 
time of diagnosis have still have been within 5 years of 
last use (RR 1·23, 95% CI 1·09–1·37; p=0·0006 in 
prospective studies). Risk decreased the longer ago 
hormone therapy had last been used, although women 
who had used hormone therapy for at least 5 years 
(median duration 9 years) and then stopped were still at 
signifi cantly increased risk more than 5 years 
(median time since last use 10 years) later (RR 1·10, 
95% CI 1·01–1·20; p=0·02). For prospective and 
retrospective studies combined, the risks were similar to 
those in prospective studies alone, except that the risks in 

current users seemed to be somewhat smaller (fi gure 2, 
appendix p 17).

In prospective studies the risk for current-or-recent 
hormone therapy use (ie, use within the past 5 years) 
was 1·37 (95% CI 1·27–1·48; fi gure 3). This RR did 
not diff er signifi cantly between European and North 
American studies (1·37 vs 1·35; heterogeneity p=0·9).

However, the RR for current-or-recent hormone 
therapy use did diff er signifi cantly between prospective 
and retrospective studies (1·37 vs 1·04; heterogeneity 
p<0·0001; fi gure 3, appendix p 14). This diff erence was 
due to the lack of apparent eff ect in the aggregated 
North American retrospective studies (fi gure 1, appendix 
pp 12–14). In these retrospective studies, however, the 
design might have made unbiased recruitment of 
controls diffi  cult, and the average year of diagnosis for 
the cases was 1990, well before hormone therapy use 
had become common (fi gure 1).

Sensitivity analyses left the main fi ndings in prospective 
studies largely unchanged (appendix p 18). For example, 
adjustment for eight additional factors (year of birth, 
ethnic origin, education, age at menarche, height, alcohol 
consumption, smoking, and family history of ovarian or 
breast cancer) altered the RRs in current-or-recent users 
by 0·02 or less (the main fi ndings had already been 
stratifi ed by study, age, and body-mass index, and 

Relative risk for current-or-
recent users vs never-users 
of hormone therapy (95% CI)*

Relative risk for current-or-
recent users vs never-users 
of hormone therapy (95% CI)*

Prospective studies All studiesCases 
(prospective/
all studies)

Serous tumours

All types of hormone therapy                         1286/2208 1·53 (1·40–1·66)

Oestrogen-only hormone therapy                       487/914 1·58 (1·39–1·80)

Oestrogen-progestagen hormone therapy                543/838 1·55 (1·38–1·74)

Endometrioid tumours

All types of hormone therapy                            298/508 1·42 (1·20–1·67)

Oestrogen-only hormone therapy                       114/222 1·34 (1·05–1·72)

Oestrogen-progestagen hormone therapy                127/192 1·58 (1·26–1·98)

Mucinous tumours

All types of hormone therapy                          203/303 0·93 (0·77–1·12)

Oestrogen-only hormone therapy                       79/122 1·00 (0·75–1·33)

Oestrogen-progestagen hormone therapy                88/122 0·95 (0·73–1·24)

Clear-cell tumours

All types of hormone therapy                            92/172 0·75 (0·57–0·98)

Oestrogen-only hormone therapy                       28/57 0·81 (0·53–1·25)

Oestrogen-progestagen hormone therapy                43/75 0·70 (0·47–1·04)

0·5 1·0 1·5 2·0

1·40 (1·31–1·49)

1·59 (1·45–1·75)

1·39 (1·26–1·53)

1·28 (1·13–1·45)

1·42 (1·19–1·69)

1·29 (1·08–1·55)

0·80 (0·69–0·93)

0·88 (0·71–1·10)

0·83 (0·67–1·03)

0·80 (0·65–0·98)

0·91 (0·66–1·24)

0·76 (0·57–1·02)

0·5 1·0 1·5 2·0

Figure 4: Relative risk of the four most common subtypes of ovarian cancer in current-or-recent users versus never-users of hormone therapy
Numbers do not add to totals, because some hormone therapy users were classifi ed as using other or unknown types of hormone therapy and some epithelial 
tumours are classifi ed as mixed types, other type, or type not specifi ed. *Risks relative to never-users of hormone therapy, stratifi ed by age at diagnosis, study, and 
body-mass index, and adjusted for age at menopause, hysterectomy, oral contraceptive use, and parity.
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adjusted for parity, use of hormonal contraceptives, age 
at menopause, and hysterectomy).

Furthermore, the main fi ndings were robust against 
variation in follow-up duration. Censoring either earlier 
or later than year 4 (appendix p 18) made little diff erence 
to the results. Two prospective studies (in the UK5 and 
Denmark8) contributed the most statistical information, 
but the RR in all other prospective studies was much the 
same when these two were excluded. One prospective 
study13 used fatal ovarian cancer as the outcome, but 
again its fi ndings were typical.

In current-or-recent users, ovarian cancer risk was 
signifi cantly increased with use of both oestrogen-only 
and oestrogen-progestagen preparations, with little 
heterogeneity between the risks: RR 1·37 (95% CI 
1·26–1·50) and 1·37 (1·26–1·48), respectively, in the 
prospective studies (heterogeneity p=0·9); and 
1·32 (1·23–1·41) and 1·25 (1·16–1·34) in all studies 
(heterogeneity p=0·3; appendix p 17). Few women had 
used both these classes of hormone therapy, and within 
the two classes there was insuffi  cient information to 
assess whether risk varied by hormone therapy 
formulation or mode of delivery (appendix p 6).

All but three studies provided tumour histology 
(appendix p 6). Of tumours with known histology, 
98% (14 862 of 15 090) were epithelial. The RR in 
current-or-recent users versus never-users did not seem 
to diff er between epithelial (RR 1·28, 95% CI 1·22–1·34) 
and non-epithelial (1·35, 0·90–2·02) tumours, although 
the confi dence interval for non-epithelial tumours was 
wide. There were only 228 non-epithelial tumours, too 
few for further analysis.

Almost all epithelial tumours of known, unmixed 
histology were adenocarcinomas of four main tumour 
types which were, in decreasing order of frequency, 
serous (7406 cases), endometrioid (1749), mucinous 
(1434), and clear cell (766). These four epithelial tumour 
types had qualitatively diff erent relationships with 
hormone therapy use, both in prospective studies alone 
and in all studies combined (fi gure 4; heterogeneity 
p<0·0001).

In prospective studies, risks in current-or-recent users 
were defi nitely increased only for the two most common 
tumour types, serous (RR 1·53, 95% CI 1·40–1·66, 
p<0·0001) and endometrioid (1·42, 1·20–1·67; p<0·0001). 
In the aggregate of these two types, the risk more than 
5 years since last use for past users who had used 
hormone therapy for more than 5 years (RR 1·25, 
95% CI 1·07–1·46; p=0·005) was more defi nite than in 
the aggregate of all types (1·10, 1·01–1·20, p=0·02). Risk 
might have been somewhat decreased for the least 
common type, clear-cell tumours (RR 0·75, 95% CI 
0·57–0·98; p=0·04 before any allowance for multiple 
hypothesis testing), but this protective eff ect is not 
statistically defi nite, and in the aggregate of both of the 
less common types the risk reduction was not signifi cant 
(RR 0·86, 0·74–1·01; p=0·07). Within each tumour type 
there was little diff erence between the RRs for oestrogen-
only and oestrogen-progestagen prepara tions (fi gure 4), 
or for borderline and fully malignant tumours (appendix 
p 19).

Age at initiation of hormone therapy had little eff ect; the 
RRs in current-or-recent users were similarly elevated with 
hormone therapy use beginning before age 50 years 
(RR 1·35, 95% CI 1·24–1·47) and at age 50–59 years 
(1·31, 1·22–1·40), with little information about older ages 
(1·15, 0·93–1·43; appendix p 20). Likewise, the available 
evidence suggested no major heterogeneity across 
subgroups defi ned by smoking, body size, parity, past use 
of oral contraceptives, hysterectomy, or other characteristics 
(appendix pp 15–16).

Application of the RRs in the prospective studies to age-
specifi c ovarian cancer incidence and death rates in 
England suggested that 5 years of hormone therapy use, 
starting at around 50 years of age, would result in 
about one additional ovarian cancer per 1000 users and 
one additional ovarian cancer death per 1700 users 
(appendix p 11); 10 years of hormone therapy use from 
around 50 years of age would result in about one additional 
ovarian cancer per 600 users and one additional ovarian 
cancer death per 800 users (table).

Discussion
This collaboration brought together and analysed 
centrally individual data from 52 epidemiological studies, 
in which about half the postmenopausal women with 
ovarian cancer had used hormone therapy. Ovarian 
cancer risk was signifi cantly increased in current users, 
even in those with less than 5 years hormone therapy 
use. In ex-users, risks decreased the longer ago hormone 
therapy use had ceased, but risks during the fi rst few 
years after stopping remained appreciable. Furthermore, 
about a decade after ceasing long-duration hormone 
therapy use, there still seemed to be a small excess risk.

In current-or-recent users (all of whom had used 
hormone therapy within the past 5 years), the RRs did 
not diff er signifi cantly between users of oestrogen-only 
and of oestrogen-progestagen preparations, or between 

5 year incidence of 
ovarian cancer per 
1000 never-users of 
hormone therapy

Absolute 5 year excess 
incidence per 1000 users 
with 5 years of hormone 
therapy use

Absolute 5 year excess 
incidence per 1000 users 
with 10 years of hormone 
therapy use

Age 50–54 years 1·2 0·52 0·52

Age 55–59 years 1·6 0·37 0·67

Age 60–64 years 2·1 0·10 0·61

Excess incidence ·· 0·99 per 1000; 
1 in 1000 users

1·80 per 1000; 
1 in 600 users

Excess deaths ·· 0·6 per 1000; 
1 in 1700 users

1·2 per 1000; 
1 in 800 users

Methods and sources of data are provided in appendix p 11. 

Table: Estimated excess incidence of ovarian cancer in England associated with 5 years and with 10 years 
of hormone therapy use, starting at age 50 years
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women who had started hormone therapy before the 
age of 50 years or during their 50s. The RR did, 
however, vary substantially by tumour type, being 
increased only for the two most common histological 
types, serous and endometrioid tumours. In analyses 
restricted to these two types, the excess risk about a 
decade after ceasing long duration hormone therapy 
use became more defi nite.

An important strength of prospective studies is that 
recruitment takes place and information about hormone 
therapy use is recorded before women know whether 
they will develop ovarian cancer. The robustness of 
prospective data is demonstrated by the stability of the 
fi ndings in various sensitivity analyses, and by the 
similarity of the fi ndings in Europe and North America. 
Prospective studies provided more than half the statistical 
information, so results for all studies (prospective and 
retrospective combined) were broadly similar to those for 
the prospective studies alone.

When the retrospective studies were assessed in 
isolation, their aggregate fi ndings diff ered from those of 
the prospective studies, however, perhaps because of 
biases in some retrospective studies. Many retrospective 
study results could have been somewhat biased by 
selective participation of hormone therapy users, and in 
all retrospective studies information about hormone 
therapy use was recorded after cancer diagnosis, so there 
might have been diff erential recall of hormone therapy 
use. Moreover, some retrospective datasets in this 
collaboration have yielded apparently discrepant 
fi ndings on the association of ovarian cancer risk with 
smoking14 and with body-mass index.15

Almost all the worldwide evidence from eligible 
epidemiological studies was included in this 
meta-analysis. The three eligible studies that had 
published results but did not contribute data were all 
retrospective and North American, and had all reported 
increased risks of ovarian cancer associated with some 
aspect of hormone therapy use (appendix p 5). Had 
they been included, the fi ndings in North American 
retrospective studies might not have been as diff erent 
from those in other groups of studies.

As long as current users and recent ex-users are 
combined together as current-or-recent users, there are 
fewer potential sources of bias in prospective than in 
retrospective studies, and there is now for the fi rst time 
suffi  cient evidence from prospective studies alone for 
statistically stable meta-analyses. Hence, it is now 
possible to base the main conclusions on prospective 
study results.

The overall relative risk for any type of ovarian cancer 
is the key public health outcome. There are, however, 
four main types of ovarian cancer, and in the prospective 
studies risk was defi nitely increased only for the 
two most common types, serous and endometrioid. 
Risk was possibly, although not defi nitely, decreased for 
the least common type, clear-cell tumours. Although 

tumour histology could have been classifi ed in slightly 
diff erent ways in diff erent studies, any misclassifi cation 
would tend to blur diff erences by tumour type, yet we 
noted distinctly heterogeneous RRs. This heterogeneity 
argues strongly for causality, because it implies that the 
hormone-therapy-associated risks were not due just to 
confounding and that diff erent ovarian cancer types 
have diff ering causes. The reasons for this heterogeneity 
are unclear, partly because the sites of origin of the 
four main tumour types are uncertain.16 The dependence 
of risk on ovarian tumour type is quite diff erent for 
other exposures; oral contraceptives decrease serous, 
endometrioid, and clear-cell but not mucinous 
tumours,17 whereas smoking decreases endometrioid 
and clear-cell but increases mucinous tumours.14

The fi ndings that ovarian cancer risk is greatest in 
current users of hormone therapy, falls after use ceases, 
and varies by tumour type, strongly suggest a causal 
relationship—ie, that among otherwise similar women, 
use of hormone therapy increases the probability of 
developing the two most common types of ovarian 
cancer, and hence ovarian cancer as a whole. There are 
still some 6 million users of hormone therapy in the 
USA and the UK, in addition to a comparable number in 
other high-income countries (fi gure 1, appendix p 4). At 
present, the WHO, European, and US guidelines about 
hormone therapy do not mention ovarian cancer, and the 
UK guidelines (which are due to be revised) state only 
that risk may be increased with long-term use. The 
defi nite risk of ovarian cancer that is observed even with 
less than 5 years of use starting at around age 50 years is 
directly relevant to current patterns of hormone therapy 
use, and hence directly relevant to medical advice, 
personal choices, and the current eff orts to revise UK 
and worldwide guidelines.
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APPENDIX D. PAPERS PUBLISHED DURING DPHIL AS PART OF
COLLABORATIONS WITH OTHERS

D.2 Past cervical intraepithelial neoplasia grade 3, obesity,
and earlier menopause are associated with an increased
risk of vulval cancer in postmenopausal women (British
Journal of Cancer, 2016)

This paper resulted from a collaboration with another DPhil student at CEU (Dr Kate
Coffey), and I am listed as the second author. I contributed to the histological classi-
fication and to discussions of the results, and I read and commented on drafts of the
paper.
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Past cervical intraepithelial neoplasia grade 3,
obesity, and earlier menopause are
associated with an increased risk of vulval
cancer in postmenopausal women
Kate Coffey1, Kezia Gaitskell1, Valerie Beral1, Karen Canfell2,3, Jane Green1, Gillian Reeves1 and
Isobel Barnes*,1 on behalf of the Million Women Study Collaborators4

1Cancer Epidemiology Unit, University of Oxford, Richard Doll Building, Old Road Campus, Roosevelt Drive, Oxford, OX3 7LF, UK;
2Cancer Research Division, Cancer Council NSW, Woolloomooloo, New South Wales 2011, Australia and 3School of Public Health,
Sydney Medical School, University of Sydney, Sydney, New South Wales, Australia

Background: Vulval cancer predominantly affects postmenopausal women. A smaller proportion of vulval cancers, particularly at
older ages, are now thought to be associated with human papillomavirus infection than previously reported, but other risk factors
have not been well examined in prospective cohort studies.

Methods: A total of 1.3 million women aged 49–65 years were followed for incident vulval cancer (ICD-10 C51). Adjusted Cox
regression models were used to examine the relationship between reproductive and lifestyle factors and risk of vulval cancer.

Results: There were 898 vulval cancers registered in the cohort over an average of 14 years of follow-up; 70% were squamous cell
carcinomas. Past registration of cervical carcinoma in situ (RR 2.68; 95% CI 1.71–4.18; Po0.001), obesity (RR 1.71; 95% CI 1.44–2.04;
Po0.0001), and menopause before the age of 50 years (RR 1.52; 95% CI 1.22–1.89; Po0.001) were associated with a significantly
increased risk of subsequent vulval cancer.

Conclusion: Past cervical pre-cancer, obesity, and earlier age at menopause are associated with an increased risk of vulval cancer
at older ages.

Although vulval cancer accounts for o1% of all female cancer, it is
the most common anogenital cancer in women over 70 years
(Figure 1). In 2012, there were 1052 vulval cancers registered in
England, of which 86% (909 cases) were in women aged over 50
years. Its annual incidence increases markedly with age, rising from
2.5 cases per 100 000 women at ages 40–44 years to 17.0 per
100 000 at ages 80–84 years (Office for National Statistics, 2014).

It has been shown that the risk of vulval cancer is associated
with cervical intraepithelial neoplasia (CIN) and that vulval
cancer has aetiopathological similarities with high-risk human

papillomavirus (HrHPV)-related cancers such as cervical, anal, and
vaginal cancers (Kalliala et al, 2005; Crawford et al, 2011). Until
recently, it was thought that B40% of vulval cancer cases were
attributable to HrHPVs (Chaturvedi, 2010). However, it now seems
that a decreasing proportion of vulval cancers are associated with
HrHPV as women age; it has been reported that only 15–17% of
cases in women aged X67 years are associated with HrHPV
infection (de Sanjosé et al, 2013). Vulval cancers in older women
are thought to be more likely to arise in a background of vulval
dermatosis (van de Nieuwenhof et al, 2009), and less likely to be
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HrHPV driven. In addition, cohort period and age effects relating
to HrHPV exposure are likely to play a role (Barlow et al, 2015).

Most previous epidemiological studies of risk factors have been
small and no consistent findings have emerged (Japaze et al, 1977;
Newcomb et al, 1984; Brinton et al, 1990; Parazzini et al, 1993;
Madsen et al, 2008). Some uncontrolled case series suggested a
relationship between obesity and vulval cancer risk (Green et al,
1958; Franklin and Rutledge, 1972); however, a 2013 review
concluded that although there may be a relationship between
adiposity and vulval cancer, studies had been too small to answer
the question definitively (Webb, 2013).

We investigated risk factors for vulval cancer in a large cohort of
UK women aged X50 years, examining associations for vulval
cancer overall, and by histological subtype, with obesity, diabetes,
and various lifestyle and reproductive risk factors including
smoking, parity, past cervical dysplasia, age at menopause,
and use of oral contraceptives and menopausal hormone
therapy (HT).

MATERIALS AND METHODS

The Million Women Study is a large prospective cohort study that
recruited 1.3 million women invited for routine breast screening
via the National Health Service Breast Screening Programme
(NHSBSP) between 1996 and 2001 (i.e. women who were
born between 1931 and 1952). Full details of the study
design and methods are described elsewhere (Beral et al, 2003).
Study questionnaires and further details of the data and access
policies can be viewed online at www.millionwomenstudy.org.

Study participants completed a baseline questionnaire providing
self-reported information on lifestyle, health and reproductive
exposures. Participants were resurveyed twice, B4 and 8 years
after recruitment. The study has Multi-Centre Research Ethics
Committee approval (MREC 97/01).

The study teams are provided with regularly updated informa-
tion on incident cancers and deaths via the UK National Health
Service Central Registers (NHSCR). Cases of incident vulval cancer
were identified as ‘malignant neoplasm of vulva’, International
Classification of Diseases, version 10 (ICD-10) (World Health
Organization 2011) C51. We used self-reported data from the
recruitment questionnaire to define most exposures, including
menopausal HT use. Excellent agreement has been found between
HT use as reported by Million Women Study participants and
general practice records in a past validation study (Banks et al,
2001).

Marital status and history of cervical screening were based on
self-reported data from the first resurvey, when information on
these exposures was first collected. The Townsend Deprivation
Index (Townsend, 1987) was calculated using post-code and 1991
census data. Body mass index was calculated from self-reported
weight and height measurements at recruitment that have been
shown to correlate closely with measured variables in Million
Women Study participants (Bobrow et al, 2012). Women with a
registration of CIN grade 3 (CIN 3) before recruitment were
identified using the information provided by NHSCR.

Vulval cancers were divided into four main histological
subtypes: squamous cell carcinomas (SCCs), basal cell carcinomas
(BCCs), glandular tumours, and melanocytic tumours. Histological
subtypes were identified using ICDO-3 (International Classifica-
tion of Diseases for Oncology version 3) morphology codes (World
Health Organization, 2000; Kurman et al, 2014).

Squamous tumours included the following ICDO-3 codes:
M8051/3, M8070/3, M8070/5, M8071/3, M8072/3, M8074/3,
M8075/3; and M8076/3. Basal cell carcinomas included: M8090/3,
M8091/3, M8094/3, and M8097/3. Glandular tumours (including
Paget’s disease, Bartholin gland tumours, and adenocarcinomas)
were: M8140/3, M8200/3, M8390/3, M8400/3, M8480/3, M8542/3,
and M8560/3. Finally, melanocytic tumours included: M8720/3,
M8721/3, M8743/3, M8744/3, and M8746/3. Other rarer tumour
types were excluded from the analysis, and these included
unclassified malignancies and sarcomas (see the Results section
for further enumeration of ‘other’ tumour histologies).

Statistical analyses. Participants were excluded from the analyses
if they had any invasive cancer registered before the start of follow-
up, other than non-melanoma skin cancer (ICD-10 C44).
For analyses of all exposures apart from marital status and history
of cervical screening, follow-up started on the date of recruitment
or at the age of 50 years for the small number of women (3%) who
were o50 years old at recruitment. For marital status and history
of cervical screening, follow-up started on the date that participants
completed the first resurvey. Follow-up continued until the earliest
of: the date of registration of any cancer; death; emigration or other
loss to follow-up; or 31 December 2013, the end of follow-up.

We used Cox proportional hazard models with attained age as
the underlying time variable to estimate hazard ratios (referred to
as relative risks (RRs)) of developing vulval cancer in relation to
the following exposures: smoking (never, past, current); alcohol
(0–2, 3þ units per week); BMI (normal: o25 kg m� 2, overweight:
25–29 kg m� 2, obese: 30þ kg m� 2); diabetes (no, yes); oral
contraceptive use (never, ever); parity (parous, nulliparous); prior
hysterectomy (no, with oophorectomy, without oophorectomy);
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Figure 1. Age-specific rates of vulval cancer (ICD-10 C51) compared with cervical (C53), anal (C21), and vaginal (C52) cancer, England 2012.
Rates are per 100 000 women by 5-year age groups, starting at age 40 years (Office for National Statistics, 2014).

BRITISH JOURNAL OF CANCER Risk factors for postmenopausal vulval cancer

2 www.bjcancer.com | DOI:10.1038/bjc.2016.165



prior CIN 3 registration (no, yes); deprivation (tertiles); marital
status (married/living with a partner, or not); past cervical
screening (no, yes); age at menopause (o50, 50þ years); and
HT use (never, past, current).

All analyses were, where possible, mutually adjusted for
exposures. In addition, all analyses were stratified by region of
residence consisting of 10 geographical areas corresponding to the
cancer registry regions: Oxford, East Anglia, South West, Thames,
West Midlands, Northern and Yorkshire, Trent, North West
(Mersey), North West (Manchester/Lancashire), and Scotland. The
assumption of proportional hazards was examined using plots of
the Schoenfeld residuals and was found to be reasonable.

In order to avoid distortion by HT use, analyses of age at
menopause were restricted to women who reported at baseline that
they had never used HT and that they either had a natural
menopause or had a bilateral oophorectomy. Analyses of HT use
were restricted to women who reported being post-menopausal at
baseline.

A subgroup analysis was performed using a competing hazards
model to examine the associations between BMI (o30, 30þ
kg m� 2), smoking (never, ever), age at menopause (o50, 50þ
years), menopausal HT use (never, past, current), and vulval
cancer by histological subtype. Results were tested for hetero-
geneity of effect of these exposures by tumour histological type. We
were unable to look at the effect of CIN 3 by histology because of
the small number of cases with this exposure within subtype
groups.

We performed two sensitivity analyses. In the first, we excluded
the first years of follow-up from the main analysis to assess the
possibility of reverse association. In the second, we assessed the
possibility of bias due to changes in exposures over the follow-up
period. To do this we censored women who did not respond to a
resurvey 4 years after their previous survey. We then compared an
analysis in which exposures were fixed at recruitment to one in
which smoking status, alcohol use, BMI, diabetes, and hyster-
ectomy/oophorectomy were updated using self-reported data from
the first and second resurveys, and CIN 3 registration was updated
using data provided by the NHSCR.

The few women with missing data for adjustment variables
(o5% for each variable) were included in a separate category for
each variable of interest. Relative risks are reported with 95%
confidence intervals (CIs). Analyses were performed in Stata 14
(Statacorp, 2015).

RESULTS

A total of 1.3 million women without prior cancer were followed
for 18 million person-years (on average 13.8 years per woman),
and there were 898 vulval cancers registered in the cohort over that
period. Just over half of the cohort were overweight or obese: 34%
of women had a BMI of 25 to 29.9 kg m� 2, putting them in the
overweight range, and 17% were obese with a BMI of X30 kg m� 2.
Most women were parous, with 89% of participants reporting ever
having given birth. Nearly 60% had a history of oral contraceptive
use, 46% had ever smoked, with 19% reporting being current
smokers. Around half of all participants had ever used menopausal
hormone therapy (Table 1).

The exposure with the strongest association with risk of vulval
cancer later in life was a registration of CIN 3 before recruitment.
Women with a CIN 3 registration before recruitment had more
than a doubling in risk of vulval cancer compared with women
who had not had CIN 3 (RR 2.68; 95% CI 1.71–4.18; Po0.0001).

Being overweight or obese was associated with an increased risk
of vulval cancer compared with women with a normal BMI and
risk increased with adiposity. Overweight women (BMI of

25–29 kg m� 2) had a 19% increase in risk of incident vulval
cancer, with a RR of 1.19 (95% CI 1.02–1.39; Po0.0001), and this
rose further in women classed as obese (BMI of X30 kg m� 2), who
had a RR of 1.71 (95% CI 1.44–2.04; Po0.0001; Figure 2). After
adjustment for BMI and other factors, there was no significant
increase in risk associated with a history of diabetes.

There was no association seen between smoking and overall
vulval cancer risk; women who reported ever having smoked had a
RR of 0.98 (95% CI 0.82–1.17) compared with never smokers.
Similarly, no significant increase in risk was seen with alcohol use,
age at menarche, oral contraceptive pill use, parity, or tubal
ligation.

We examined risk associated with age at menopause in women
who had never used menopausal HT and who reported a natural
menopause or bilateral oophorectomy. Women with an earlier age
at menopause had an increased risk of vulval cancer later in life.
Menopause before age 50 years was associated with a 50% increase
in risk of vulval cancer compared with menopause that occurred
after 50 years (RR 1.52; 95% CI 1.22–1.89; Po0.001). There did
not appear to be any further increase in risk associated with age at
menopause before age 45 years (RR 1.39; 95% CI 1.00–1.94)
compared with menopause at 45–49 years (RR 1.58; 95% CI 1.24–
2.01). Use of menopausal hormone therapy was not associated with
risk of subsequent vulval cancer overall (Table 2).

In analyses starting at the first resurvey at B4 years after
recruitment, when women were asked for the first time about
marital status and attendance for cervical screening, there was no
significant difference in risk of vulval cancer for women not
currently married or living with a partner (RR 1.19; 95% CI 0.95–
1.50) compared with those who were; or for those who reported
having ever vs never attended for cervical screening (RR 0.96; 95%
CI 0.57–1.62).

Two-thirds of vulval cancers (n¼ 609, 68%) were specified as
squamous cell carcinomas. Glandular tumours were less common,
with 96 registered (11%), including Paget’s disease and various
types of adenocarcinoma. Basal cell tumours were the next most
common, with 92 cases (10%). Melanocytic (n¼ 55, 6%) and other
(unspecified and sarcomatous) tumours made up the remaining
number (n¼ 46, 5%) (Table 3).

When we examined associations by histological subtype
(Table 4), obese women (BMI of 30þ kg m� 2) had a substantially
and significantly elevated risk of squamous cell carcinoma (RR
1.84; 95% CI 1.53–2.21), but little or no associated increased risk
for basal cell, glandular, or melanocytic tumours (test for
heterogeneity P¼ 0.01). We also observed a reduction in
melanocytic tumours in women who had ever smoked (RR 0.49;
95% CI 0.27–0.91) compared with never smokers.

Table 1. Participant characteristics at baseline, and details of
follow-up in the cohort
Characteristic at baseline
Number of women (%) 1 300 042 (100.0)
Mean age at recruitment (s.d.) 56.6 (4.8)
Parous, % (n) 89.0 (1 157 188)
Oral contraceptive user (ever), % (n) 58.6 (761 700)
Current smoker, % (n) 19.2 (249 014)
Body mass index X30 kg m�2, % (n) 17.0 (220 976)
Most deprived tertile, % (n) 33.0 (428 383)
Ever hormone therapy user, % (n) 49.6 (644 804)
Hysterectomy, % (n) 24.4 (316 927)
Registration of CIN 3 before recruitment, % (n) 1.0 (12 533)

Follow-up
Women-years (1000s) 17 956
Mean length of follow-up per woman (s.d.) 13.8 (3.4)
Number of women with incident vulval cancer 898

Abbreviation: CIN 3¼ cervical intraepithelial neoplasia grade 3.
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neoplasia grade 3 before recruitment, and deprivation.

Table 2. Associations between risk of vulval cancer, age at menopause, and use of menopausal hormone therapy in
postmenopausal women

Exposure Cases/population at risk Relative riska 95% Confidence interval P-value

Age at menopause in women with natural menopause or oophorectomy who have never used hormone therapy
50þ Years 158/237 144 1.00 o0.001
o50 Years 167/175 489 1.52 (1.22–1.89)

Use of menopausal hormone therapy at baseline, all postmenopausal women
Never 401/493 167 1.00 0.54
Past 142/192 727 0.94 (0.77–1.14)
Current 252/424 544 0.86 (0.73–1.02)
aRelative risks adjusted, where possible, for smoking, alcohol use, body mass index, age at menarche, oral contraceptive use, parity, tubal ligation, cervical intraepithelial neoplasia grade 3,
diabetes, hysterectomy/oophorectomy, and deprivation.
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The sensitivity analyses showed that our results are not
likely to be due to reverse association (Supplementary Figure 1).
They also showed that any bias caused by changes in the
exposures over time is likely to be small (Supplementary Figures
2 and 3).

DISCUSSION

The strongest increase in risk of vulval cancer in our study was
seen in women with a registration of CIN 3 before recruitment,

Table 3. Incident vulval cancer registrations in the cohort by histological subtype and International Classification of Diseases for
Oncology, 3rd Edition (ICDO-3) morphology coding

ICDO-3 morphology code Histological subtype
Number (% of all

vulval cancers)

Squamous tumours
M8070/3 Squamous cell carcinoma, not otherwise specified 447 (50.0)
M8071/3 Squamous cell carcinoma, keratinising, not otherwise specified 131 (14.6)
M8070/5, M8076/3 Squamous cell carcinoma, microinvasive 16 (1.8)
M8051/3 Verrucous carcinoma, not otherwise specified 8 (0.9)
M8072/3, 8074/3, 8075/3 Squamous cell carcinoma: large cell, non-keratinising/spindle cell/adenoid 7 (0.8)

Total squamous cell tumours 609 (67.8)

Glandular tumours
M8542/3 Paget’s disease 73 (8.1)
M8480/3,M8400/3, M8140/3 Adenocarcinoma: mucinous/sweat gland/not otherwise specified 13 (1.4)
M8200/3, M8390/3, M8560/3 Adenoid cystic/skin appendage/adenoquamous carcinoma 10 (1.1)

Total glandular tumours 96 (10.7)

Basal cell tumours
M8090/3 Basal cell carcinoma, not otherwise specified 80 (8.9)
M8091/3 Multifocal superficial basal cell carcinoma 6 (0.7)
M8094/3, M8097/3 Basosquamous carcinoma, basal cell carcinoma (nodular) 6 (0.7)

Total basal cell carcinomas 92 (10.2)

Melanocytic tumours
M8720/3 Malignant melanoma, not otherwise specified 21 (2.3)
M8721/3 Nodular melanoma 16 (1.8)
M8743/3 Superficial spreading melanoma 14 (1.6)
M8744/3 Acral lentiginous melanoma, malignant

4 (0.4)M8746/3 Mucosal lentiginous melanoma
Total melanocytic tumours 55 (6.1)

Other tumours: unspecified and sarcomatous
M8000/3, 8010/3 Neoplasm/epithelial tumour, malignant 37 (4.0)
M8032/3, M8033/3, M8800/3, M8832/3,
M8851/3, M8890/3, M8891/3

Spindle cell carcinoma, not otherwise specified/pseudosarcomatous carcinoma/sarcoma, not
otherwise specified/dermatofibrosarcoma, not otherwise specified/liposarcoma, well-
differentiated /leiomyosarcoma/epithelioid leiomyosarcoma

9 (0.9)

Total ‘other’ tumours 46 (5.1)
Total incident vulval cancers 898 (100.0)

Table 4. Associations between body mass index, smoking, age at menopause, menopausal hormone therapy use, and risk of
vulval cancer by tumour histology subtype

Squamous cell carcinoma Glandular tumours Basal cell carcinoma Melanocytic tumours

Exposure

Cases/
population

at risk RRa 95% CI

Cases/
population

at risk RRa 95% CI

Cases/
population

at risk RRa 95% CI

Cases/
population

at risk RRa 95% CI P-valueb

Body mass index
o30 406/1 010 993 1.00 78/1 010 993 1.00 76/1 010 993 1.00 43/1 0110 993 1.00 0.01
30þ 168/220 976 1.84 (1.53–2.21) 15/220 976 0.87 (0.49–1.51) 16/220 976 1.03 (0.60–1.79) 11/220 976 1.20 (0.61–2.36)

Smoking
Never 294/627 145 1.00 47/627 145 1.00 52/627 145 1.00 36/627 145 1.00 0.06
Ever 276/596 249 1.04 (0.88–1.23) 46/596 249 1.13 (0.74–1.71) 34/596 249 0.75 (0.48–1.17) 15/596 249 0.49 (0.27–0.91)

Age at menopause
50þ Years 112/237 144 1.00 13/237 144 1.00 15/237 144 1.00 9/237 144 1.00 0.94
o50 Years 122/175 489 1.59 (1.22–2.06) 15/175 489 1.62 (0.76–3.45) 15/175 489 1.43 (0.69–2.97) 7/175 489 1.17 (0.42–3.23)

Menopausal hormone therapy use
Never 288/493 167 1.00 35/493 167 1.00 34/493 167 1.00 20/493 167 1.00 0.28
Past 87/192 727 0.84 (0.66–1.07) 20/192 727 1.51 (0.87–2.65) 20/192 727 1.69 (0.96–2.97) 6/192 727 0.79 (0.32–2.00)
Current 159/424 544 0.82 (0.66–1.00) 33/424 544 1.26 (0.76–2.09) 25/424,54 1.15 (0.66–2.00) 24/424 544 1.53 (0.81–2.89)

Abbreviations: CI¼ confidence interval; RR¼ relative risk.
aRelative risks (RRs) adjusted where appropriate for smoking, alcohol use, body mass index, age at menarche, parity, tubal ligation, hysterectomy/oophorectomy, and deprivation.
bP for heterogeneity.
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who had more than a doubling in risk compared with women who
had not had CIN 3. Adiposity is also significantly associated with
an increased risk of vulval cancer in women 450 years of age,
principally in obese women, who have a 70% increase in vulval
cancer incidence compared with those with a normal BMI;
furthermore, the effect of BMI appears to be strongest for tumours
with squamous cell morphology. Women who reported under-
going a natural or surgical menopause (oophorectomy) before age
50 years have a 52% increase in risk compared with those reporting
a later menopause at X50 years.

Risk of vulval cancer was not significantly associated with
smoking; alcohol use; marital status; parity; hysterectomy; ever
having attended for cervical cancer screening; diabetes; prior tubal
ligation; age at menarche; or use of exogenous hormones in the
form of the oral contraceptive pill or menopausal HT.

The HrHPV-related anogenital cancers are known to be related
to previous genital tract dysplasia, typically screen-detected disease
of the cervix (Crawford et al, 2011). A Finnish retrospective cohort
study (Kalliala et al, 2005) has previously looked at risk of vulval
cancer following a diagnosis of any grade of CIN. They found a
standardised incidence ratio of 4.1 (95% CI 1.5–8.9) for vulval
cancer after treatment of CIN 1, 2, or 3. This was based on 6 cases
of vulval cancer among 7564 women who had been treated
between 1974 and 2001 (with follow-up to 2003).

The relative risks reported here for vulval cancer after CIN 3,
although substantial, are lower than those seen for anal cancer in
our previously published study (Coffey et al, 2015). We found a RR
of 4.03 for incident anal cancer in women with a history of CIN 3
registration before recruitment compared with the RR of 2.68 seen
here for vulval cancer. Despite a strong association, vulval cancer
remains an uncommon occurrence in women over 50 years with
prior cervical neoplasia. In our cohort, 20 cases of vulval cancer
arose in the 12 533 women with a history of CIN 3. In other words,
B1 in 627 women with a history of CIN 3 have developed vulval
cancer, and 2% of the vulval cancers in our study have occurred in
women with prior CIN 3 (18 squamous cell carcinomas and 2
melanomas).

A relationship between vulval cancer and obesity has been
suspected since the first case series on vulval cancer were published
(Green et al, 1958; Franklin and Rutledge, 1972). Although one
uncontrolled study from Johns Hopkins Hospital (Japaze et al,
1977) reported an increased prevalence of obesity among women
with vulval cancer, other small case–control studies have found
either a non-significant (Newcomb et al, 1984; Parazzini et al,
1993) or no increase in risk of vulval cancer associated with
increased weight or BMI (Brinton et al, 1990). Some (Franklin and
Rutledge, 1972; Brinton et al, 1990; Parazzini et al, 1993) have also
suggested a relationship between vulval cancer and diabetes that we
did not confirm with prospective evidence in our cohort.

Early age at menopause has also been linked with risk of vulval
cancer (Green et al, 1958; Franklin and Rutledge, 1972). Franklin
and Rutledge (1972) reported that 19% of cases had undergone
menopause (natural or surgical) before the age of 41 years, and
54% by the age of 45 years. Other small studies that examined the
association with age at menopause and related factors (Newcomb
et al, 1984; Parazzini et al, 1993) reported no significant effects of
menopausal status, age at menopause, or HT use on risk of vulval
cancer. An American case–control study (Brinton et al, 1990),
which included 209 vulval cancer cases and 348 age-, race-, and
residence-matched controls, found an increased risk among
women with early ages at natural or surgical menopause: RR
1.89 (95% CI 0.9–3.8) for surgical menopause at o40 years and RR
1.75 (95% CI 0.8–4.1) for natural menopause at o45 years, but this
association did not reach statistical significance.

A Danish case–control study (Madsen et al, 2008) that included
116 vulval cancer cases found that around half of the vulval tumour
samples they examined (compared with 89% of vaginal tumours in

the same study) were positive for HrHPV. When they examined
associations between vulval cancer and various exposures stratified
by HrHPV positivity, they found significant associations with
smoking and cervical neoplasia for only the HrHPV-positive cases.

We found no association between smoking and overall risk of
vulval cancer, but when we stratified by tumour histological
subtype, we saw a reduced risk of melanocytic vulval cancers
among women who reported ever having smoked. This is based on
a small number of cases in a subgroup analysis, and therefore must
be interpreted with caution. However, other groups have reported
similar findings for cutaneous malignant melanoma, with a
decrease in incidence and mortality seen in smokers in a recent
meta-analysis (Li et al, 2015).

A major strength of this study is that it is the first large
prospective study to examine the risk of vulval cancer in older
women, and our cohort has accrued a relatively large number of
incident cases of this relatively uncommon cancer. In addition,
CIN 3 status is obtained by routine reporting to cancer registries
rather than potentially subjective self-reporting.

Although the number of incident cases of vulval cancers in this
cohort is large, the relatively small numbers of cases within
exposure subgroups limits our ability to analyse associations
overall and by histological subtype. Another weakness lies in our
inability to look at vulval dermatosis as an exposure, as we did not
ask participants about vulval skin conditions. The vulval cancers
that predominate at older ages are likely to be related to chronic
vulval conditions, such as lichen sclerosis. It has been reported that
5% of women with symptomatic vulval lichen sclerosis have been
found to develop squamous cell carcinomas, although 22% of
women presenting with vulval cancers have been found to have
‘clinically silent’ lichen sclerosis adjacent to their tumours. An
interval of B20 years between mean age at diagnosis of vulval
lichen sclerosis (54 years) and development of squamous cell
carcinoma (74 years) has been reported (Carlson et al, 1998), and
this is close to the age at which we see a sharp rise in incidence of
vulval tumours in the United Kingdom (Figure 1).

We were also unable to distinguish between different types of
squamous cell carcinomas. Keratinising squamous cell carcinomas
are reported to be the most common histological subtype of vulval
cancer in older women, and are less commonly HPV related
(de Sanjosé et al, 2013). Of the 609 squamous cell carcinomas
identified in our cohort, 131 (22%) were specified as keratinising,
whereas 447 (73%) were ‘squamous cell not otherwise specified’.
We only had 8 registrations of tumours with warty (verrucous)
morphology and no basaloid squamous cell tumours, the two
morphologies most commonly associated with HrHPV infection.
We were not able to tell whether tumours with typically HrHPV-
related morphologies are truly uncommon in our cohort or
whether there is simply a lack of histopathological information
captured during tumour registration. At best, tumour histology is a
proxy marker of likely HPV association, but it would be helpful to
have more robust evidence of histological subtype within the
squamous cell group.

CONCLUSION

In a large cohort of over a million women with prospectively
collected information on exposures, and just under 14 years of
follow-up, we found that history of CIN 3 registration before
recruitment, overweight and obesity, and younger age at
menopause were associated with an increased risk of incident
vulval cancer after the age of 50 years. We also observed a
reduction in risk of melanocytic vulval cancers in women who had
ever smoked; however, we interpret this finding with caution
because of the potential role of chance.
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APPENDIX D. PAPERS PUBLISHED DURING DPHIL AS PART OF
COLLABORATIONS WITH OTHERS

D.3 Premalignant SOX2 overexpression in the fallopian tubes
of ovarian cancer patients: Discovery and validation
studies (EBioMedicine, 2016)

This paper resulted from a project I was involved in, led by Professor Ahmed, and I
am listed as a co-author. The project initially aimed to detect early driver mutations
in ovarian cancer. One of the genes of interest identified was SOX2, and so subsequent
experiments further explored its expression and mutation. I was a key contributor to ex-
periments investigating SOX2 expression in the fallopian tubes of women with high-grade
serous ovarian cancer compared to women who had had their fallopian tubes removed for
other reasons. I performed power calculations, identified suitable cases, scanned stained
slides, and conducted image analysis. I also read and commented on drafts of the paper.
This work led to the image analysis validation study described in Chapter 8.
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Current screeningmethods for ovarian cancer can only detect advanced disease. Earlier detection has proved dif-
ficult because the molecular precursors involved in the natural history of the disease are unknown. To identify
early driver mutations in ovarian cancer cells, we used dense whole genome sequencing of micrometastases
and microscopic residual disease collected at three time points over three years from a single patient during
treatment for high-grade serous ovarian cancer (HGSOC). The functional and clinical significance of the identified
mutationswas examined using a combination of population-basedwhole genome sequencing, targeted deep se-
quencing, multi-center analysis of protein expression, loss of function experiments in an in-vivo reporter assay
and mammalian models, and gain of function experiments in primary cultured fallopian tube epithelial (FTE)
cells. We identified frequent mutations involving a 40 kb distal repressor region for the key stem cell differenti-
ation gene SOX2. In the apparently normal FTE, the regionwas alsomutated. Thiswas associatedwith a profound
increase in SOX2 expression (p b 2−16), which was not found in patients without cancer (n=108). Importantly,
we show that SOX2 overexpression in FTE is nearly ubiquitous in patients with HGSOCs (n=100), and common
in BRCA1-BRCA2 mutation carriers (n=71) who underwent prophylactic salpingo-oophorectomy.We propose
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that thefinding of SOX2 overexpression in FTE could be exploited to develop biomarkers for detecting disease at a
premalignant stage, which would reduce mortality from this devastating disease.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Because of late presentation and chemotherapy resistance ovarian
cancer is the deadliest amongst all gynecological malignancies. Over
80% of ovarian tumors are high-grade serous ovarian cancers (HGSOCs),
which is a particularly fatal type due to its initial asymptomatic but ag-
gressive growth behavior. Current methods of detection have been suc-
cessfully implemented for detection and possible reduction of mortality
from ovarian cancer (Menon et al., 2015; Drescher et al., 2013). Howev-
er, such methods are only capable of the detection of established inva-
sive cancers. Understanding the natural history of the disease and the
discovery of novel markers for detection at a premalignant stage will
enable the effective control of ovarian cancer.

In this work, we prospectively analyzed the genomic composition of
a single tumor over a three-year period to identify drivermutations that
may have contributed to the initiation of the tumor. We identified non-
coding mutations that cluster near genes involved in stem cell regula-
tion. We established that onemutation is located in a previously unrec-
ognized repressor element of SOX2, an important stem cell gene, and is
associatedwith induction of SOX2 expression.We demonstrate that the
expansion of SOX2-expressing cells within the fallopian tube epitheli-
um is a common feature of HGSOCs, a crucialfinding that opens new av-
enues for early disease detection prior to clinical presentation.

2. Materials and Methods

2.1. Overall Description of the Study Design

The clinical samples for this translational study were obtained from
patients recruited to the Gynecological Oncology Targeted Therapy
Study 01 (GO-Target-01) and the Oxford Ovarian Cancer Predict Che-
motherapy Response Trial (OXO-PCR-01) under research ethics approv-
al number 11-SC-0014 and 12-SC-0404, respectively. We performed
intraoperative video recording to document sampling sites (Supple-
mentary video). Strict standard operating procedures were used to di-
minish the risk of DNA cross-contamination during sample collection
and processing. Whole genome sequencing (WGS) of laser capture mi-
crodissected tumor islets (n=30, Supplementary Fig. S1A) and bulk tis-
sue samples of a single HGSOC (patient study ID: 11152). We obtained
WGS data from 39 samples from three independent data sets and a
tumor recurrence set (Supplementary Fig. S1B). Samples were obtained
from different locations before chemotherapy, after neoadjuvant che-
motherapy and approximately two and half years later at the time of
first recurrence (Fig. 1, Supplementary Table 1). Complete macroscopic
clearance at all sites (Supplementary video) as well as microscopic
clearance of the peritoneal implants at sites A and B were documented
following chemotherapy. Microscopic residual chemoresistant disease

Fig. 1. An ovarian cancer model for investigating primary chemotherapy resistance. A diagram illustrating the sites from which the biopsies were obtained in patient 11152 and the
corresponding intra-operative images of the biopsy sites. The sub-diaphragmatic peritoneum (site A), the para-cecal peritoneum (site B) and the omentum (site C) were sampled in
the primary tumor. A para-rectal mass (Recur A) and a pelvic node (Recur B) were sampled at presentation of disease recurrence. Note the complete macroscopic resolution of the
tumor following chemotherapy (also see Supplementary video). TP53 immunohistochemical staining of a tumor islet from MRCD is also presented.
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(MRCD)was only detected at the omentum in position C. Sequencing of
tumor islets was performed using long fragment read (LFR) WGS
(Peters et al., 2012) of 30 tumor islets (typically comprising only tens
of cancer cells). A table of variants was generated and filtered using
“cgatools” and custom scripts. GREAT software (McLean et al., 2010)
was used for gene ontology analysis. Targeted sequencing was carried
out for validation of mutations using 100 bp paired-end sequencing
and read mapping was performed using STAMPY software (Lunter
and Goodson, 2011), whilst variants were identified using PLATYPUS
(Rimmer et al., 2014). Digital PCR was performed using the Droplet
Reader (BioRad) and analyzed with the QuantaLife software (BioRad).
For the in-vivo studies, fertilized chicken eggs were electroporated
with enhancer constructs and analyzed as previously described
(Betancur et al., 2010; Simoes-Costa et al., 2012). Targeted deletion of
the BB5 region was performed using Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) (Cong et al., 2013). Chromatin im-
munoprecipitation (ChIP) assays were carried out in primary fallopian
tube epithelial cells (Cong et al., 2013) and a fraction of the products
was used for either real-time PCR reactions or high throughput se-
quencing. Immunohistochemistry studies were carried out on the
Leica Bond Max staining system including the appropriate positive
and negative controls. Detailed materials and methods are available in
the Supplementary methods section.

2.2. Translational Studies

2.2.1. Ethical Approval
Tumor islets and blood samples for whole genome sequencingwere

obtained from case 11152 who provided written consent to participate
in the prospective biomarker validation study Gynecological Oncology
Targeted Therapy Study 01 (GO-Target-01) under research ethics ap-
proval number 11/SC/0014. Targeted sequencing was performed on
samples from patients who participated in the same study and patients
who participated in the prospective Oxford Ovarian Cancer Predict Che-
motherapy Response Trial (OXO-PCR-01), under research ethics ap-
proval number 12/SC/0404. Necessary informed consents from study
participants were obtained as appropriate.

2.2.2. Clinical History and Sample Collection of Patient 11152
Patient 11152 presented with radiological evidence of at least stage

IIIC ovarian cancer with evidence of multiple omental and peritoneal
nodules, subcapsular splenic nodules and left paracardiac lymph node
enlargement and elevated CA125 tumormarker. The patient had a diag-
nostic laparoscopy and biopsy to confirm the diagnosis of HGSOC. On
the day of the procedure, tissue samples were retrieved, split in halves
and either saved in cryovials and immersed in dry ice within minutes
from obtaining the biopsy in theatre or formalin fixed for standard his-
tological diagnosis. Research samples were stored in −80 °C. In addi-
tion, a blood sample was obtained in theatre and saved in sterile
EDTA-collection tubes. The patient received three cycles of paclitaxel
and carboplatin and had near complete response. Following ten weeks
from the first laparoscopy, the patient underwent a diagnostic laparos-
copy to evaluate chemotherapy response, prior to proceeding, in the
same session, to standard debulking surgery. Guided by the first
video-laparoscopy, samples were obtained from the same sites from
which the initial biopsies were taken.

2.2.3. Precautions for Tissue Handling toDiminish the Risk of Cross Contam-
ination of DNA

Samples were collected from −80 °C to a box of dry ice and
transported within the same building to the cryostat room. Individual
cryovials were obtained from the dry-ice box and immediately placed
within a pre-cooled cryostat stage at −25 °C. The cryostat (CryoStar
70X, Thermo Scientific) was not previously used for routine diagnostic
or research work. The cryostat stage and dissection board were cleaned
by ethanol prior to use for individual samples, and gloveswere changed

before cutting each new tissue biopsy. For each sample, a single dissec-
tion blade (MB DynaSharp Microtome Blade, Thermo Scientific) and
single sterile forceps (that was cleaned, individually wrapped and
autoclaved prior to use) were used. Samples were obtained from the
cryovials and placed on a sterile dish and cut using disposal single-use
blades to obtain a piece of tissue for processing. These tissue pieces
were then placed on individual new dissection discs for snap freezing
in optimal cutting temperature (OCT) compound (NEG-50, Richard-
Allan Scientific) prior to microtome cutting.

2.2.4. Section Processing for Laser Capture Microdissection
The first tissue section was mounted onto regular glass slides

(SuperFrost Plus, VWR International) for hematoxylin (Hematoxylin so-
lution, Gill No. 3, Sigma) and eosin (Eosin Y solution, Sigma) staining
(H&E), according to manufacturer's instructions, followed by six to ten
sequential tissue sections at 6 μm thickness onto polyethylene
naphthalate membrane (PEN) glass slides (MembraneSlide 1.0 PEN,
Zeiss) that were pre-exposed to UV light for 30 min. Slides were imme-
diately stored at−80 °C. Nuclease-free techniquewas used throughout
the procedure and buffers and alcohol solutionswere cooled to 4 °C and
used fresh each time. Each H&E slide was reviewed by a gynecological
oncology pathologist (SD) to confirm the presence of cancer cells and
delineate their location. PEN slides were dipped in 50% ethanol for fixa-
tion and rinsed in H2O to remove excess OCT compound. The slides
were stained with cresyl violet (Sigma Aldrich) at a concentration of
0.1% (weight/volume) in 50% ethanol for 15 s, rinsed in 50% ethanol
and immediately used for microdissection. For formalin-fixed, paraffin
embedded (FFPE) material, 6 μm sections were cut onto activated PEN
slides and dried at 56 °C overnight, then dewaxed in Xylene (Sigma)
and rehydrated through graded alcohols to water, then briefly dipped
in 1% methyl green (Sigma), washed in H2O. The slides were dried at
37 °C for 1 h and then used for microdissection. Laser capture microdis-
section was performed on a PALM Laser Microdissection System (Zeiss)
and the cut tissue was catapulted into 200 μl membrane caps
(AdhesiveCap 200 opaque, Zeiss, Jena, Germany) and immediately
stored on dry ice. Images of empty caps as well as target area in 5×,
10× and 20× magnification were obtained prior to microdissection
for documentation. To maintain DNA integrity, slides were kept on dry
ice until microdissection andmicrodissectionwas performed for no lon-
ger than 45min per slide. Caps were stored at−80 °C until sequencing.

2.2.5. Macrodissection of FTE
Serial unstained FFPE tissue sections (10 μm)were aligned with the

corresponding H&E stained section inwhich the location of the FTEwas
pen marked. With a sterile, single-use scalpel blade tip the FTE tissue
was scrapped off the glass slide and mounted onto 200 μl a membrane
cap (AdhesiveCap 200 opaque, Zeiss, Jena, Germany). To avoid cross
contamination, the slides and caps were placed in sterile tissue culture
dishes. DNA extraction and amplification was performed using the
REPLIg FFPE kit (Qiagen). For macrodissection of the p53 signature
from FFPE immuno-stained sections the slides were incubated over-
night in Xylene at 37 °C. The coverslip was lifted and the slide soaked
in Xylene for 30 min, then washed in gradient ethanol. The tissue was
macrodissected using a scalpel blade tip. DNA was extracted with the
Arcturus® PicoPure® DNA isolation kit (Life technologies) and ampli-
fied using the REPLIg mini kit (Qiagen) according to manufacturer's in-
structions. DNA was quantified as described below.

2.3. DNA Extraction

For DNA extraction from frozen tissues 10 to 20 scrolls of tissuewere
cut at 60 μm thickness using a cryostat as described above. For FFPE
samples, 10 to 20 scrolls of 20 μmthick sectionswere dewaxedwithXy-
lene and washed with 100% ethanol. DNA was extracted using the
DNeasy blood and tissue kit (Qiagen) according to manufacturers in-
structions. DNA concentrations were quantified using the PicoGreen
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(Quant-iT™ PicoGreen® dsDNA Assay Kit, Life technologies), A260/280
ratio and absorption spectrawere generated using a spectrophotometer
(Nanodrop ND-1000, Thermo Scientific) and broad range Qubit system
(Invitrogen) and quality was checked using a 1% agarose E-gel
(Invitrogen).

2.4. Sequencing

2.4.1. Targeted Sequencing
LFR sequencing and whole genome sequencing were performed as

previously described (Dean et al., 2002; Drmanac et al., 2010). A sum-
mary of the clinical characteristics of patients for whom targeted se-
quencing was performed is presented in Supplementary Table 2. For
sequencing the 2 Mb flanking the SOX2 gene, the online NimbleDesign
tool (http://www.nimblegen.com/products/nimbledesign/index.html)
was used to design capture primers (Roche). For sequencing of the
test set the TruSeq® DNA HT Sample Preparation Kit (Illumina) was
used to allow formultiplexing and captured using the Seq Cap EZ Choice
Library (Roche). Both kits were used according to manufacturer's in-
structions. Library quality control was carried out using the broad
range Qubit system (Invitrogen) and the 2200 TapeStation (Agilent).
Sequencing was carried out on a HiSeq2500 (Illumina) using TruSeq®
Rapid SBS 100 bp paired end sequencing. For sequencing the validation
set of matched tumor/normal DNA pairs, a more focused library of cap-
ture primers was designed targeting ~1.6 Mb flanking SOX2 (chr3:
180,806,202–182,429,714). DNA from paired samples and ChIP prod-
ucts were fragmented (S2, Covaris) and sample libraries were con-
structed and multiplexed using Seq Cap EZ kit (Roche) according to
manufacturer's instructions. Capture was performed as described
above. Quality control was carried out on a 2100 Bioanalyzer (Agilent)
and library concentrations were measured with the high sensitivity
Qubit system (Invitrogen). Sequencing was performed on aMiSeq plat-
form (Illumina) using v3 MiSeq chemistry. To increase coverage, the li-
braries for the blood sample and the microdissected tubal epithelium of
case 11152 were recaptured and sequenced using v2 MiSeq chemistry,
100 bp paired end.

2.4.2. Sanger Sequencing
For DNA sequencing using dye-terminatormethod, TP53 exon 8was

amplified and sequenced using primers TP53-forward ‘GGGTGCAGTTA
TGCCTCAGATT’ and TP53-reverse ‘CGGCATTTTGAGTGTTAGACTGG’ as
previously described (Ahmed et al., 2010). SOX2 BB5 was amplified
and sequenced using the BB5-forward ‘CACCCATGTGAATCATCTCG’
and BB5-reverse ‘ACCAGGTGTCCGAGAGTACG’ primers. PCR was per-
formed using the high fidelity DNA Phusion polymerase (NEB) as per
manufacturer's instructions. Sequencing was performed for the rare
variants identified in patients (Supplementary Table 3) using the
primers listed in Supplementary Table 4.

2.4.3. Digital Droplet PCR
Digital droplet polymerase chain reaction (PCR) was performed

on duplicate samples. Primers 5833217_F; 5′-ACCTACTAGACCCCA
GGCAAG-3′ and 5833217_R; 5′-GGCGCAGGAGGAGACC-3′ were used
to amplify a 60 bp amplicon containing the BB5 nucleotide and either
detected using 5833217_V; 5′-CCTGGGACCCAAACC-3′ VIC-labeled
probe for wild type or 5833217_M; 5′-CTGGCACCCAAACC-3′ FAM-la-
beled probe for mutant amplicons (TaqMan® SNP Genotyping Assays,
custom design, Roche Molecular Systems). TP53 mutation was quanti-
fied using primers 22410689_F; 5′-CTGTGCGCCGGTCTCT-3′ and
22410689_R; 5′-TGGGACGGAACAGCTTTGAG-3′ to amplify a 64 bp
amplicon and detected using 22410689_V 5′-TGCGTGTTTGTGCCTG-3′
VIC-tagged probe for wild type and 22410689_M; 5′-
TGCGTGTTTTTGCCTG-3′ FAM-tagged probe for mutant amplicons. Re-
actions were prepared using droplet digital PCR Super Mix (BioRad)
and standard PCR performed according to manufacturer's instructions.
Amplification events were detected with a digital PCR plate reader

(QX100 Droplet Reader, BioRad) and data was analyzed using the
QuantaSoft Software (Version 1.3.2.0, BioRad). Average droplet count
was 11,728 per sample. Samples with b7000 droplets were excluded
from the analysis.

2.5. Sequencing Analysis

2.5.1. Whole Genome Sequencing
Readsweremapped to the reference genome (GRCh37) and variants

were called by local de novo assembly as previously described
(Carnevali et al., 2012). A table of variants across the various tumor
and normal genome assemblies was generated and filtered using the
Complete Genomics cgatools program and custom scripts. Sequence
data were deposited in the European Genome-Phenome Archive
(EGA) with the following accession number: EGAS00001001909.

2.5.2. Performing Gene Ontology Enrichment Analysis
The functional prediction of cis-regulatory regions was performed

using the Genomic Region Enrichment of Annotation Tool (GREAT) as
previously described (McLean et al., 2010). In brief, GREAT assigns reg-
ulatory domains for each gene that consists of a basal domain (5 kb up-
stream and 1 kb downstream of transcription start site [TSS]) plus
extension of up to 1 Mb, but not beyond 1 Mb, in both directions to
the nearest gene basal domain. The enrichment for a particular biologi-
cal process gene ontology (which consists of a number of genes) was
computed by obtaining the ratio of the fraction of foreground (FG) var-
iants (i.e. the ancestor variants) that mapped to genes of a gene ontolo-
gy x to the fraction of background (BG) variants (e.g. progeny variants)
thatmapped to the same gene ontology. To be regarded as a gene ontol-
ogy hit, we required that a gene ontology had a false discovery rate “Q
value” of b0.01 and a number of genes supporting a particular ontology
of more than ten. The BG was defined as either the progeny variants
(variants present in two or more tumor sites), the whole genome or
the number of germline variants as indicated in the text. Permutation
analysis was based on the assumption that random samples from the
background of equal size to the FG should not give higher enrichment
the one observed for the true FG. To test this, we obtained 10,000 sam-
ples of 750 variants from the BG and computed the enrichment for each
and counted the number of times in which that enrichment was higher
than the one observed by the true FG and presented the result (p-value)
as the fraction of the count from the total number of random samples.
The number of genes that GREAT assigned to the gene ontology
“stem cell differentiation” was 73 and this was the basis of the
analysis described above. We repeated the above analysis using the
total number of human genes (283) assigned to the same gene ontology
“GO:0048863” at the Gene Ontology data base (http://amigo.
geneontology.org/cgi-bin/amigo/go.cgi) and by using a subset of genes
(n= 81) that had an experimentally verified link to stem cell differen-
tiation by selecting the human genes that satisfied any of the following
terms: IDA; inferred from direct assay, IEP; inferred from expression
pattern, IGI; inferred from genetic interactions, IMP; inferred from mu-
tant phenotype.

2.5.3. Analysis of Targeted Sequencing Data
Reads were mapped to the reference genome (GRCh37) using

STAMPY software (Lunter and Goodson, 2011) and variants were iden-
tified using an in-house developed software, PLATYPUS (Rimmer et al.,
2014). Downstream analysis was performed using in-house developed
scripts. There were a total of 37,291 variants identified by sequencing.
Further analysis focused on single nucleotide substitutions in cancer
samples (n = 18,456 in 33 samples). To identify high quality rare vari-
ants, the analysis was restricted to variants that were present in less
than five samples, were not called in the 1000 Genomes Project
(Abecasis et al., 2012), and had a high quality score (i.e. flagged as
“pass” or “allele bias” by PLATYPUS). Only 861 variants met these
criteria and these are shown in Supplementary Table 5. In order to
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compute whether the observed rare variants displayed regional enrich-
ment in the ovarian cancer set we adopted a simulation approach. First,
we obtainedminor allele frequencies (MAF) for common SNPs (defined
as havingMAF N 5%) from the 1000 Genomes Project in the 2Mb region
flanking SOX2. We then simulated genotypes, based on those minor al-
lele frequencies, for samples consisting of 33 individuals (we ignore
linkage effects) and counted the number of heterozygotes or non-refer-
ence homozygotes observed across the 33 simulated profiles. This pro-
cess was repeated 1000 times in order to obtain an average profile of
common SNP density across the region. We then examined 40 kb win-
dows, spaced at overlapping intervals of 100 bp, and counted the num-
ber of rare variants observed across the 33 ovarian cancers. For each
window, we then computed the test statistic (observed number of
rare variants in ovarian cancers/expected number of common SNPs).
In order to assess whether the calculated ratios were significantly
enriched, we randomly sampled 100 subsets of 33 individuals from
the wellderly (well elderly individuals) dataset and computed the
same statistic for each subset by counting rare variants falling in any
particular window. We then computed a p-value from the order-statis-
tic of the observed test statistic in the ovarian cancers compared to
those of the wellderly data.

In addition, the 861 variants were annotated using data from the En-
cyclopedia of DNA Elements (ENCODE) (Bernstein et al., 2012) to iden-
tify those that were within regulatory regions as reported by digital
genomic footprint (Neph et al., 2012) downloaded from (ftp://ftp.ebi.
ac.uk/pub/databases/ensembl/encode/integration_data_jan2011/
byDataType/footprints//jan2011/), by DNAseI hypersensitivity
(Thurman et al., 2012) downloaded from (http://hgdownload.cse.ucsc.
edu/goldenPath/hg19/encodeDCC/wgEncodeRegDnaseClustered/) or
by ChIP-Seq (Yip et al., 2012) experiments downloaded from (http://
hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/
wgEncodeRegTfbsClustered/). In order to assess the degree of local en-
richment of variants we first computed the global rate of variant occur-
rence over the 2 Mb region (113 variants/2,000,000 bp). We then
considered a series of 40 kb overlapping windows spaced at 100 bp in-
tervals spanning the 2Mb. For eachwindow,we counted the number of
variants observed in the tumors and computed the probability of ob-
serving (at least) this many variants under the null hypothesis of uni-
form variant occurrence. We assumed that, under the null hypothesis,
the number of observed variants follows a Poisson distribution with a
rate parameter given by the global rate over the region.

2.5.4. Analysis of ChIP-sequence Tracks
Following the ENCODE guidelines (Landt et al., 2012), read quality

was first assessed using FastQC (v.0.10.1; http://www.bioinformatics.
babraham.ac.uk). Low quality reads were filtered by using Trim galore
(v 0.3.1; http://www.bioinformatics.babraham.ac.uk) for paired reads.
The 3′ and 5′ adapters were trimmed using the Cutadapt program im-
plemented in Trim galore. Only reads with a length N 60 bp after trim-
ming were retained. Reads were then mapped against the human
reference genome (build hg19) using bowtie (Langmead and Salzberg,
2012). Only non-duplicated aligned readswere retained.Multiple align-
ment of read was not allowed. To identify enriched regions, peaks were
called on the immune-precipitated samples versus their input controls
using Model-Based Analysis of ChIP-seq 2 (Feng et al., 2012) (MACS2
version 2.0.10) with a p-value threshold of 0.001 and default parame-
ters. Signal track was built following the guideline at https://github.
com/taoliu/MACS/wiki/Build-Signal-Track. Exploratory analysis and
generation of figures was performed in R using custom scripts.

2.5.5. Motif Analysis for the BB5 Variant
The motif UW.Motif.0169 overlapping the BB5 variant was discov-

ered from digital footprints data. The logo plot in Supplementary Fig.
S6A was generated using the webLogo3 software (http://weblogo.
threeplusone.com/).

2.6. Fallopian Tubes Primary Epithelial Cell Culture

Patients scheduled to undergo surgical procedures provided written
consent, prior to surgery, agreeing to participate in the study. The infun-
dibular region of the fallopian tube was isolated, dissected and opened to
reveal the lumen. Fallopian tubes were incubated in 15 ml conical tubes
containing 0.5% trypsin and 0.1% DNaseII in MEM for 1 h at 37 °C, with
shaking. The supernatant, containing the epithelial cells, was removed
and mixed with 10% FBS in DMEM. Fallopian tube epithelial cells (FTEC)
were centrifuged and plated in 10% DMEM. The purity of epithelial cells
was checked by immunofluorescence. Optional purification using CD326
microbeads (Miltenyi Biotech) was if further purification was required.

2.7. Viral Transduction

pLx302-SOX2 was generated using Gateway system (Invitrogen) ac-
cording to the manufacturer's instructions. SOX2 was cloned into
pDONOR221 (Invitrogen) from pMXs-Sox2 (Addgene) plasmid by BP
Gateway clonase (Invitrogen) to generate entry clones. Using LRGateway
clonase (Invitrogen) SOX2was cloned into the destination vector pLx302
(a gift from Dr. David Root (Yang et al., 2011); Addgene plasmid 25896).
Packaging cells (HEK-293T) were co-transfected with the packaging vec-
tor p8.91, the envelope plasmid pMDG (gifts from Dr. Didier Trono, Uni-
versity of Geneva, Switzerland) and pLX302-SOX2 as previously
described (Besnier et al., 2002). Following 72 h the HEK293-T medium
containing the virus was collected, filtered through a 0.45 μm Minisart
NML Syringe Filter (Sartorius) and stored at−80 °C for later transduction.

2.8. Cloning, Mutant Generation and Chicken Embryo Transfection

The 1 kb regions flanking the BB5 SNP was cloned from Human ge-
nomic blood DNAby PCR amplification using Phusion high fidelity poly-
merase (NEB) according to the manufacturer's instructions using
the following primers BB5_F; ‘TTTTTTCGTCTCgccaggTTACTCCAATA
TGAGAGATAAGAGCA’ and BB5_R; ‘TTTTTTCGTCTCcaacagCGCTCACACG
GTGATTAGAA’, Test1_F; ‘TTTTTTCGTCTCgccaggCATTACTGGCAGCTGA
GGGG’ and Test1_R; ‘TTTTTTCGTCTCcaacagTGATTTTCCCTGGGCAGACA’,
Test2_F; ‘TTTTTTCGTCTCgccaggCTACTAGACCCCAGGCAAGG’ and
Test2_R; ‘TTTTTTCGTCTCcaacagTGATTTTCCCTGGGCAGACA’, Test3_F;
‘TTTTTTCGTCTCgccaggTCCCTGTTCCTCACTCCTCT’ and Test3_R;
‘TTTTTTCGTCTCcaacagTGATTTTCCCTGGGCAGACA’. Products were
cloned into a ptk citrine – BsmBI vector. Restriction digestion of the
PCR products and the vector was performed using BsmBI enzyme
(NEB) and the digested product was inserted into the vector using a
T4 ligase (NEB). Point mutants were generated using QuikChange® II
Site-Directed Mutagenesis Kit (Stratagene) as per manufacturer's in-
structions using the citrine vector containing each region and the prim-
er sets SOX2_BB5mut_F; ‘ACCTGGGCCTGGCACCCAAACCCTT’ and
SOX2_BB5mut_R ‘AAGGGTTTGGGTGCCAGGCCCAGGT’. DNA sequences
of all cloned PCR products were verified with direct sequencing.

Fertilized chicken (Gallus gallus) eggs (Henry Stewart & Co. Ltd,
Louth, UK) were incubated at 37 to 38 °C for approximately 20 to 24 h
prior to electroporation. In the UK no license is required at the embryo
stage used for this work. The entire epiblast of stage four chicken em-
bryos (staged according to Hamburger and Hamilton (Hamburger and
Hamilton, 1992)) was electroporated with enhancer constructs, cul-
tured using modified new culture (Sauka-Spengler and Barembaum,
2008) and analyzed as previously described (Betancur et al., 2010;
Simoes-Costa et al., 2012) (n=10 to 15 per group). Neither randomiza-
tion nor blinding was carried out. Non-vital or damaged embryos were
excluded from further analysis. Immunofluorescence for detection of
endogenous Sox2 expression and co-localization with citrine expres-
sion was carried out as previously described (Betancur et al., 2010;
Simoes-Costa et al., 2012) using anti-Sox2 antibody (ab97959, Abcam)
or anti-GFP antibody (MAB3580, Millipore) and detected using alexa-
488 conjugated and alexa-568 conjugated secondary antibodies
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(Invitrogen) and observed using an inverted confocal microscope (LSA
510 META, Zeiss).

2.9. Chromatin Immunoprecipitation (ChIP) Assay

ChIP was performed on FTEC and HEK293T cells (purchased from
ATCC,mycoplasma tested) using the commercially available ChIP-IT ex-
press enzymatic kit (Active Motif) according to manufacturer's instruc-
tions and the following antibodies: H3K27ac (C15410174 lot: A.7071-
001P; Diagenode) and EZH2 (C15410039; lot: 003; Diagenode). Briefly,
one million cells were cross-linked using formaldehyde 1% for 10 min
and the reaction was stopped by adding glycine for 5 min at room tem-
perature. Cells were thenwashed twicewith ice cold PBS containing 1×
PMSF, and then resuspended in cell lysis buffer containing 1× protease
inhibitor cocktail and PMSF and rotated at 4 °C for 30 min. Nuclei were
extracted using a Dounce homogenizer (pestle B) and treated with an
enzymatic shearing cocktail at 37 °C for 20 min. Digested chromatin
was immunoprecipitated at 4 °C overnight by adding protein Gmagnet-
ic beads and rabbit IgG (cat. N. 12-370; lot. N. 1969696; Millipore) as a
negative control. Following washes, reverse cross-linking and protein-
ase K treatment the DNA was purified using the Chromatin IP DNA pu-
rification kit (ActiveMotif). Sequencing of ChIPmaterial was performed
as described above. Real-time PCR was performed in a 96-well plate
qPCR machine (ABI 7000, Applied Biosystems). Reactions were set up
using SybrGreen (Applied Biosystems) according to the manufacturer's
protocols using 1 μl of each ChIP reaction or 1: 100 to 200 dilution of the
input fraction. The ΔΔCt method was used for quantification and calcu-
lations performed according to ChIP-qPCR data analysis instructions
(Supper-Array, Bioscience Corporation). The following primers for the
BB5 region were used: 5833217_F 5′-ACCTACTAGACCCCAGGCAAG-3′
and 5833217_R 5′-GGCGCAGGAGGAGACC-3′. For EZH2 inhibition, cell
were treated for 96 h with 5 μM of UNC1999 (Sigma) before chromatin
extraction.

2.10. CRISPR Vector Construction, Cell Culture and Transfection

Vector px330was used as previously described (Cong et al., 2013). A
pair of oligonucleotides (CRISPR-BB5-F; 5′-CACCGAGGGTTTGG
GTCCCAGGCCC-3′ and CRISPR-BB5-R; 5′-AAACGGGCCTGGGACCC
AAACCCTC-3′) encompassing the BB5 nucleotide (underlined) and ex-
tending up to a protospacer adjacent motif [AGG] (not shown) were
annealed, phosphorylated, and ligated to the linearized vector.

HEK293 cells (ATCC) were maintained in DMEM (Invitrogen) sup-
plemented with 10% fetal bovine serum and 100 U/ml penicillin/strep-
tomycin and incubated at 37 °C and 5% CO2. HEK293 cells were
transfectedwith the construct px330-BB5 using FUGENEHD (Promega)
according to the manufacturer's instructions. After two weeks, the DNA
for each clonewas extracted using DNeasy blood and tissue kit (Qiagen)
and the region flanking the BB5 nucleotide was amplified using the fol-
lowing pair of primers: SH-BB5-01-F; 5′-TCCAATATGAGAGATAA
GAGCAC-3′ and SH-BB5-01-R; 5′-GCTGAAAAGACCAAACTTAAAAC-3′.
HEK293T cells were transfected and two days later single cells were
plated in 96-well plates and harvested for DNA collection on the indicat-
ed dates. The number of positive clones carrying bi-allelic mutations
(nominated as homozygous), the number of clones carrying mono-
allelic mutation (nominated as heterozygous) and clones with no dele-
tions (nominated as negative) are reported in Supplementary Table 6.

2.11. Immunofluorescence

FTEC or SKOv3 cells were fixed with 4% (w/v) formaldehyde in PBS
for 4 min and then permeabilized overnight with 100% ethanol at
−20 °C. Cells were then blocked with 1.5% BSA in TBS for 1 h and incu-
bated with primary mouse antibody against pan-cytokeratin (ab7753,
Abcam), primary rabbit antibody against MYC (9402S, Cell Signaling
Technology), primary rabbit antibody against SOX2 (3579, Cell

signaling Technology), primary mouse antibody against SOX2 (4900,
Cell Signaling Technology) or primary rabbit antibody against PAX8
(10336, Proteintech) for 1 h. Cells were washed using washing buffer
(TBS + Triton 0.2% + SDS 0.04%) and then incubated with donkey
anti-mouse or donkey anti-rabbit conjugated with Alexa Fluor 488 or
Alexa Fluor 546 secondary antibodies (Invitrogen), respectively. After
three washes cells were mounted using DAPI-containing mounting
media (Vector Laboratories).

2.12. Immunohistochemistry

A summary of patients fromboth groups (discovery set and validation
sets) for whom SOX2 IHC was performed is presented in Supplementary
Table 7. Power calculations were performed to determine the minimum
specimen number for the validation set based on the data from the dis-
covery set (mean % for benign: 3, s.d.: 4; mean % for HGSOCs: 14, s.d.:
10, difference between means: 11%) assuming a desire for 90% power
and a5% significance level. To identify the difference in 3+staining inten-
sity for the above scenario we estimated a group size of ten cases.

Tissue sections of 2.5 μm or 4 μm thickness were cut from FFPE
tumor or control samples. Automated staining was carried out with
the Leica Bond Max autostainer (Leica Microsystems) or Autostainer
plus Link 48 (Dako®). In short, antigen retrieval at 100 °C for 20 min
was followed by primary antibody incubation with the rabbit anti-
SOX2 (3579, Cell Signaling Technology) or IgG control for up to 1 h
then detection using the BOND™ Polymer Refine Detection System
(DS9800, Leica Biosystems) as per manufacturer's instructions. Double
staining was achieved using the BOND™ Polymer Refine Detection Sys-
tem and the BOND™ Polymer Refine Red Detection System (DS9390,
Leica Biosystems) according to the manufacturer's instructions. Stained
slides were scanned at 20× and 40× magnification on the Aperio slide
scanner (Aperio) or Mirax scan (Zeiss) fitted with a 40×/0.95 Plan
Apochromat objective lens (Zeiss) for the second validation set (CNIO;
Spanish National Cancer Research Centre). The ImageScope software
(v11.2.0.780, Aperio) was used for quantification of nuclear staining
for the discovery set and thefirst validation set. For scoring of SOX2pos-
itivity in fallopian tubes, only the tubal epitheliumwasmarked by using
the “negative pen tool” to exclude stroma. The marked FTE was ana-
lyzed with the program algorithm “nuclear v9”which scored the stain-
ing of all nuclei within the marked area and assigned scores of 0 for not
detectable signal, +1 for weak staining, +2 for moderate staining and
+3 for strong staining. Nuclear positivity was confirmed on selected
areas using the “deconvolution” algorithm to subtract SOX2 from un-
derlying hematoxylin staining. The diagnosis and clinical details are
provided in Supplementary Table 7. For scoring of SOX2 expression in
HGSOCs tumor foci were marked and benign tissue excluded and the
procedure completed as described above. For scoring the second valida-
tion set (CNIO), the AxioVision 4.6.3 software (Zeiss) pattern recogni-
tion training software was used. Algorithm parameters were set by
using the AxioVision Wizard so that threshold and filter conditions
(size, diameter and perimeter of different spots) were established to
train the application in a noise reduction method that determines the
different positive activation signals: 0 for no signal, +1 for weak stain-
ing, +2 for moderate staining and +3 for strong staining. Immunohis-
tochemistry for other proteinswas conducted in a similarmanner to the
method described above using anti-p53 (Clone DO-7, Dako) and anti-
WT1 (Clone WT1-562, Leica) antibodies, anti-TUBB4 (T7941, Sigma),
anti-MYC (ab32072, Abcam), anti-EZH2 (Clone 6A10, Leica).

3. Results

3.1. Laparoscopy-guided Prospective Multi-region Sampling in an Ovarian
Cancer Patient

We set out to discover early (root) driver mutations in a single high-
grade serous ovarian tumor that may have contributed to its genesis.
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Wehypothesized that such earlymutationswould be present in all can-
cer cells irrespective of their location, time of presentation or biological
behavior (e.g. chemotherapy response). To account for these three var-
iables, we utilized intraoperative video recording to document the site
of sampling before and after chemotherapy and at recurrence and to ob-
tain a direct visual evaluation of chemotherapy response. LFRWGS tech-
nology enabled the accurate sequencing of very low (picogram)
quantities of DNA (Peters et al., 2015) which is not currently possible
by standard WGS or other methods of long fragment sequencing
(Kuleshov et al., 2014). Since post-chemotherapy samples only had mi-
croscopic residual disease, using this technique on laser-capture micro-
dissected cancer islets was essential.

We identified 750 uniquemutations that were present in practically
all tumor islet samples in our discovery set (≥90% of tumor islets) irre-
spective of space, tumor site or biological behavior. These mutations
were extensively confirmed using standardWGS and targeted sequenc-
ing (Supplementary Fig. S2A). The variants included two synonymous
mutations, eight non-synonymousmutations in protein-coding regions,
and 740mutations in non-coding regions (Supplementary Table 8). One
mutation, detected in exon 8 of TP53, was shared between all tumor is-
lets but was not present in normal stroma samples from patient 11152.
This result was consistent with the previous finding by Ahmed et al.
(2010) and Anon (2011) of ubiquitous TP53mutations in HGSOCs and
has, therefore, validated our approach of discovering potential driver
mutations.

3.2. Non-coding Mutations Cluster at Potential cis Regulatory Elements of
Genetic Drivers of Stem Cell Differentiation

We mapped the 750 mutations to the nearest transcription start
sites of genes and performed pathway-enrichment analyses of the iden-
tified genes as previously described (McLean et al., 2010). This analysis
revealed five significantly enriched ontologies of biological processes
(Supplementary Fig. S2B, Supplementary Tables 9 and 10) that were
all related to embryonic and stem cell differentiation. Furthermore,
the stem cell differentiation ontology was supported by 23 mutations
that mapped to 15 genes (e.g., SOX2, PAX7, WNT7A). This finding was
confirmed by several iterations of analysis (Supplementary Fig. S3)
and multiple rounds of further sequencing (Supplementary Fig. S1A).
The identification of SOX2, a key driver of stem cell differentiation
(Takahashi and Yamanaka, 2006) that was recently implicated in skin
cancer tumor initiation (Boumahdi et al., 2014), was particularly nota-
ble in our analysis because of the proximity of a total number of six mu-
tations to the SOX2 gene locus.We termed the nucleotides, in which the
mutations mapping near SOX2 occurred, BB1 to BB6.

3.3. The BB5 Mutation Occurred at the Pre-neoplastic Lesion of the Tumor
and Marked a Region That Was Frequently Mutated in HGSOCs

We next performed deep-targeted sequencing of the 2 Mb region
flanking the SOX2 gene locus and BB1 to BB6 on tumor samples from
33 patients with HGSOCs, including case 11152 (Table 1, Supplementa-
ry Table 2), and identified 861 single nucleotide polymorphisms (SNPs)
in this region (Supplementary Table 5) that were not previously report-
ed in the 1000 Genomes Project (median = 21, range = 11 to 97 per
cancer sample). Comparing the frequency of occurrence of these SNPs
with those previously identified in the 1000 Genomes Project or with
SNPs identified from whole genome sequencing analysis of a new set
of 597 healthy elderly volunteers combined with deep whole genome
re-sequencing of DNA from 436 individuals from the 1000 Genomes
Project identified a 40 kb region flanking the BB5 nucleotide (Fig. 2A),
that was significantly enriched in rare SNPs (p b 0.01, permutation anal-
ysis). These mutations significantly targeted biochemically active sites
(implying that they were active regulatory elements) as determined
bymining the ENCODE data for DNaseI hypersensitivity or transcription

factor binding activity (Supplementary Fig. S4). We therefore chose to
characterize this 40 kb region, referred to as the BB5 region, further.

Sequencing results from tumor and normal tissue revealed that the
BB5 region (chr3: 182,189,714–182,229,714) included 21 single nucle-
otide substitutions in HGSOCs from 16 patients (48.5% of all patients), of
which nine variants from seven patients (21.2%) were somatic muta-
tions (Supplementary Table 3). Independent validation by deep-
targeted sequencing of a 1.6 Mb region flanking SOX2 in tumor-normal
tissue pairs of 16 additional patientswithHGSOCs identified two further
mutations in the BB5 region in two patients.

Examining the fallopian tube as a potential tissue of origin of
HGSOCs (Crum, 2009; Lee et al., 2007; Kurman and Shih Ie, 2011;
Karst et al., 2011) led to the identification of the p53 signature (Lee et
al., 2007), indicated by p53 nuclear overexpression in fallopian tube ep-
ithelium (FTE), in patient 11152 (Fig. 2b–c). A subpopulation of the cells
at the signature also expressed high levels of nuclear SOX2 (Fig. 2d–e).
Using a combination of deep-targeted sequencing, droplet-digital PCR
and Sanger sequencing, we confirmed that both, the BB5 nucleotide
and TP53, were already mutated in the p53 signature and the adjacent
FTE (Fig. 2f–g). Importantly, in two additional patients for whom DNA
extraction from the paraffin-embedded FTE was possible, we showed
that the mutations occurring in the fully established HGSOCS were
also present in the FTE (Supplementary Fig. S5).

3.4. Expansion of FTE Cells Strongly Expressing SOX2 is a Feature of HGSOCs

The profound increase in the number of SOX2-expressing cells in the
FTE of our index patient was in sharp contrast to the rare SOX2 expres-
sion in the FTE of patients with benign conditions. Paradoxically, SOX2

Table 1
Patient baseline data for targeted sequencing analysis.
The clinical details of patients who donated samples used for targeted se-
quencing are presented in this table.

Patients for targeted sequencing 49
Age at surgery

Mean (median) 65.3 (66)
Min–max 40–82
b60 years 20.4%
N60 years 79.6%

Site of primary disease
Ovary 29 (59%)
Tube 10 (20%)
Peritoneum 8 (16%)
Othera 2 (4%)

Tumor status
Primary 19 (39%)
IDS 15 (31%)
Post-NACT 12 (24%)
Recurrence 3 (6%)

Biopsy site
Ovary 17
Peritoneumb 15
Omentum 17
Otherc 4
Normal tissue or bloodd 24

Tumor stagee

I–II 10 (20%)
III–IV 39 (80%)

Data are n (%). Disease stages I and II indicate early disease, stages III and IV in-
dicate advanced disease. NACT = neoadjuvant chemotherapy. IDS = interval
debulking surgery (e.g. after three or four cycles of NACT).

a Ambivalent histology includes one case of tubal or ovarian origin and a
case of ovarian or endometrial origin.

b Peritoneum includes diaphragmatic peritoneum and small bowel serosa
and mesentery.

c Other biopsy sites include spleen, parasacral tumor and falciform
ligament.

d Normal tissue includes primary cell lines generated fromnormal fallopian
tube epithelium.

e For staging we used the FIGO classification valid at time of initial
diagnosis.
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expression in tumor cells was almost absent (Supplementary Figs. S5
and S6). The increase in SOX2 expression in potential precursor cells is
particularly intriguing since it is one of only four factors required for ac-
quisition of stem cell properties by terminally differentiated cells
(Takahashi and Yamanaka, 2006) with important implication for acqui-
sition of pluripotency, the ability of a cell to differentiate into different
cell types, and susceptibility to tumor formation.

We next compared SOX2 expression in the nuclei of normal FTE of
patients with benign conditions and patients with endometrial cancer
(age-matched cases) and the normal FTE and corresponding ovarian tu-
mors from patients diagnosed with HGSOC (Table 2, Supplementary
Table 7). Automated image analysis of these samples demonstrated
that themedian SOX2 expression (intensity score of 3+) in the normal
appearing FTE from patients with HGSOCs was 17-fold higher than that

Fig. 2.A 40 kb region is frequentlymutated inHGSOCs and consists of a distal SOX2 repressor. a. To determinewhether any of the sixmutations (BB1 to BB6)mapping near the SOX2 gene
locus marked regions that were sites of frequent occurrence of private variants or mutations in HGSOCs, we performed deep-targeted sequencing of the 2Mb region flanking SOX2 on 33
HGSOCs (Supplementary Table 2). A total of 861 single nucleotide substitutions (Supplementary Table 5) were identified that were not previously reported in the 1000 Genomes Project
(median = 21, range = 11 to 97). Because functionally important genomic regions tend to be significantly less susceptible to genomic variation within a population, we determined
whether the identified rare variants accumulated in specific areas within the 2 Mb region that were less susceptible to genomic alterations on a population scale. To test this
hypothesis, we constructed overlapping moving windows of 40 kb size and compared the observed frequency of rare mutations (not previously described in the 1000 Genomes
Project) in our group of patients. The expected frequency of SNPs in the same windows was based on 1000 sets of simulated cohorts of 33 individuals from the previously reported
1000 Genomes Project data. Upper panel: shown is the ratio of the observed number of variants in 40 kb “moving” windows in the cancer set to the expected number of variants in
the equivalent windows based on 1000 permutations of simulated 1000 Genomes Project data. Based on this analysis, a peak observed/expected ratio (enrichment statistic) was
identified in a 40 kb region flanking the BB5 nucleotide referred to as the BB5 region. Lower panel: To test whether this observation was higher than what would be expected by
chance, we sequenced germline DNA from 597 healthy elderly volunteers and sequenced germline DNA from 436 individuals from the 1000 Genomes Project at higher depth. We
then identified rare variants in the elderly set and repeated the above analysis. Comparing the enrichment statistic in the BB5 region in the cancer set to that obtained from 100
permutations of 33 individuals from the elderly set confirmed the significant enrichment of rare variants in the ovarian cancer set (p b 0.01). b–e. Immunohistochemical staining of
p53 and SOX2 at low (B and D, scale bar = 300 μm) and high (c and e, scale bar = 50 μm) magnification in normal FTE and the p53 signature in patient 11152. Note the strong focal
p53 staining at the multi-layered epithelium (p53 signature). f. The fraction of mutant reads relative to the total number of reads of the BB5 and TP53 mutations in germline DNA, the
FTE, the p53 signature (p53 sig) and the tumor of the index case (n = 4 repeats). g. Sequencing trace indicating the BB5 mutation.
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in the normal FTE from patients with benign conditions (p b 2−16, one-
way analysis of variance [ANOVA] followed by Tukey's test). Themedian
SOX2 expression significantly decreased in the corresponding, fully
established ovarian tumors (p b 2−16, one-way ANOVA followed by
Tukey's test, Fig. 3a–b). We validated this observation on an indepen-
dent set of fallopian tubes from 88 women with either HGSOCs (n =
42) or benign gynecological conditions (n = 46) and confirmed that a
significant expansion of cells strongly expressing SOX2 was present in
the benign FTE of women with HGSOCs (p b 2−16, one-way ANOVA
followed by Tukey's test, Fig. 3c). The magnitude of SOX2 overexpres-
sion was not significantly influenced by tumor stage (early versus
late) or by whether or not the patient had chemotherapy prior to surgi-
cal excision (data not shown). In addition, fitting a binomial general lin-
ear model on the entire dataset revealed that strong SOX2 expression
accurately predictedwhether the fallopian tubewas from anHGSOCpa-
tient or from a patient with benign pathology (p = 9.95−8, logistic re-
gression model). Fitting a receiver operating characteristic (ROC)
curve to the data from the logistic regression analysis confirmed the
high predictive power of strong SOX2 expression (Fig. 3d, area under
the curve [AUC] = 0.87). This ubiquitous feature of the FTE of patients
with HGSOCs has not been previously described. Furthermore, only
eight out of 28 cases stained for p53 also showed a p53 signature indi-
cating that SOX2 overexpression may occur prior to p53 dysregulation.

To test whether the expansion of SOX2-expressing cells occurred
prior to HGSOC development, we analyzed the fallopian tubes of 48
women at high risk of developing ovarian cancer because they were
BRCA1 or BRCA2 gene mutation carriers and therefore underwent pro-
phylactic salpingo-oophorectomy (Fig. 3c, Table 2). This analysis
showed that a significant expansion of cells strongly expressing SOX2
was present in the benign FTE of women who were BRCA1 or BRCA2
mutation carriers (p b 0.001, one-wayANOVA followed by Tukey's test).

Finally, to confirm the abovefindings,we repeated the analysis on an
additional cohort of 98 patients from three independent institutes (Fig.
3e, Table 2 and Supplementary Table 7). This analysis further confirmed
that a significant expansion of cells strongly expressing SOX2 occurred
in the benign FTE of womenwho are BRCA1 or BRCA2mutation carriers
and in womenwho had HGSOCs (p=0.018 and p b 0.001, respectively,

one-way ANOVA followed by Tukey's test). Expression of SOX2 in the
normal FTE of BRCA gene mutation carriers was independent of age
and whether the mutation was present in the BRCA1 or BRCA2 (data
not shown). History of prior breast cancer was available for 43 cases
who were either BRCA1 or BRCA2 mutation carriers. Of those only 15
patients had history of prior breast cancer. There was no significant dif-
ference in SOX2 expression between cases that either had or did not
have breast cancer.

3.5. The BB5 Region Is a Repressor of SOX2 Expression

Specific sequences of non-coding regions in the genome are capable
of regulating the expression of neighboring genes. Several lines of evi-
dence strongly suggested that the BB5 region acted as a repressor of
SOX2 expression. First, the BB5 mutation occurred in a 12-nucleotide
DNA sequence (Supplementary Fig. S7A) that matched the previously
reported regulatory motif model UW.0169 that was discovered by ge-
nomic DNaseI footprinting (Neph et al., 2012). We used an in-vivo re-
porter assay to test whether this motif changed the expression of a
fluorescent protein and, therefore, was potentially functional (Supple-
mentary Fig. S7B–E). Such standard reporter assays are traditionally
performed in cultured cells. In this study we conducted the assay in
live chicken embryos to gain additional information about the time
and location of the activity of the BB5 region in regulating fluorescent
protein (the reporter) expression. This analysis confirmed that the
motif consisting of the BB5 nucleotide acted as a repressor and that mu-
tation of the BB5 nucleotide significantly relieved this repressor activity
(Supplementary Fig. S7B–E). Importantly, the protein fluorescence par-
tially co-localized with cells that strongly expressed endogenous Sox2
in the chicken embryo and, therefore, implied that the element was
plausible for regulating Sox2 expression. Second, we performed
CRISPR-Cas9-mediated genomedeletion, amethod to remove a number
of nucleotides from a target sequence in the genome, and deleted mul-
tiple essential nucleotides included in the motif model UW.0169 (Sup-
plementary Fig. S7F) (Ran et al., 2013) in a human cell model. This
induced a significant reduction in H3K27 acetylation, an indicator of
open chromatin, and a significant and sustained increase in SOX2 ex-
pression in human cells (Supplementary Fig. S7G, Supplementary
Table 6). Thus, this unequivocally confirmed that the element acted as
a repressor of SOX2 expression in a human cell model. Third, mining
the ENCODE data for potential transcription factor binding at this ele-
ment revealed several factors that are known to be involved in regulat-
ing the stem cell state, such as YY1, NANOG, OCT4 and EZH2
(Supplementary Fig. S7F). Since EZH2, the catalytic subunit of the
Polycomb repressor complex 2, is known to be involved in repressing
gene expression by inducing H3K27 trimethylation at regulatory ele-
ments, we performed ChIP-sequencing on primary cultured fallopian
tube epithelial cells to test whether EZH2 occupied the BB5 element or
other elements that were sites of somatic mutations in other HGSOCs.
This analysis confirmed that EZH2 occupied the BB5 element and sever-
al others (Supplementary Fig. S8A, Supplementary Table 11). In addi-
tion, the enzymatic inhibition of EZH2 resulted in a significant
reduction in H3K27 tri-methylation (Supplementary Fig. S8B) indicat-
ing that the localization of the EZH2 at the BB5 element was indeed
functional. In summary, the above data confirmed that the BB5 region
is a repressor of SOX2 expression and, when mutated, releases SOX2
repression.

As previouslymentioned, SOX2 is part of the four essential stem cells
transcription factors (SOX2, OCT4, c-Myc, KLF4), also known as
Yamanaka factors (Takahashi et al., 2007), which are highly expressed
in embryonic stem cells and that are sufficient to induce pluripotency
in human somatic cells. We, therefore, investigated the expression of
the Yamanaka factors in the FTE and observed a mutually exclusive ex-
pression pattern of SOX2 and MYC. In the FTE of benign cases, MYC ap-
peared to be exclusively and ubiquitously expressed in non-ciliated cells
whilst SOX2 was only expressed at low levels in a minor population of

Table 2
Patient characteristics for immunohistochemistry studies.
The clinical details of patients who donated the samples used for SOX2 immunohisto-
chemistry are presented.

Patients for IHC staining
n = 279

Benign HGSOC BRCA mutation carrier

Patient cohort 108 100 71
Discovery cohort 16 22a

Validation cohort 92 78 71
Age at surgery

Mean (median) 48.0 (48) 62.7 (63) 50.7 (48)
Min–max 28–81 32–94 29–81

Site of primary disease
Ovary 79 (79%)
Tube 10 (10%)
Peritoneum 5 (5%)
Otherb 6 (6%)

Tumor status
Primary 60 (60%)
IDS 15 (15%)
Post-NACT 19 (19)

Tumor stagec

I–II 26 (26%)
III–IV 69 (69%)

Data are n (%) or mean (median), unless otherwise indicated. Disease stages I and II indi-
cate early disease, stages III and IV indicate advanced disease. IDS = Interval debulking
surgery (e.g. after three or four cycles of NACT). NACT = neoadjuvant chemotherapy.

a These patients were also included in targeted sequencing study.
b Ambivalent histology cohort includes four cases of ovarian or tubal origin and two

cases of ovarian or peritoneal origin.
c For staging we used the FIGO classification valid at time of initial diagnosis.
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ciliated cells (Fig. 4). In contrast, in the FTE from HGSOC cases MYC
maintained a similar expression pattern in non-ciliated cells, whereas
SOX2was strongly expressed in themajority of ciliated cells (Fig. 4, Sup-
plementary Fig. S9A–B). Furthermore, the analysis of 209 HGSOCs re-
vealed that MYC over-expression was accompanied by the loss of

SOX2 expression and vice versa (p b 0.001, Fisher Exact test, Supple-
mentary Fig. S9C). Thus, SOX2 may repress MYC in differentiating FTE
cells and in a fraction of SOX2-expressing tumors. Consistent with our
proposed role of SOX2 in FTE cells, its ectopic expression significantly
reduced expression of MYC and PAX8, an important transcription factor

Fig. 3. Overexpression of SOX2 is a biomarker for pre-neoplastic detection of HGSOC. a. Representative SOX2 immunohistochemistry images for the FTE of the indicated samples are
presented. Scale bars = 100 μm. b. Percentages (y-axis), median percentage (horizontal black bars) and intensity (x-axis) of SOX2 staining in the normal FTE of women with benign
conditions, endometrial cancer or HGSOCs and in the paired HGSOC tumors. Solid circles represent the FTE from cancers harboring rare variants and mutations in the BB5 region. The
black arrow indicates a case of high-grade serous endometrial cancer. c. Power calculations were used to determine the required case number for the validation set based on the data
from the discovery set (see Supplementary methods). Data from an independent set of 88 cases as well as an additional 48 BRCA1 or BRCA2 mutation carriers who underwent
prophylactic excision of the fallopian tubes are presented. d. The receiver operating characteristics (ROC) curve is presented for the combined data presented in panels b and c. e. Data
from a further independent set of cases from a second institute (CNIO) are presented. Data are presented as fold change relative to benign cases. A y-axis break was added to facilitate
comparison with the data presented in b and c.
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during embryogenesis ofMüllerian tissues, in primary cultured FTE cells
and SKOv3 ovarian cancer cells to undetectable levels by immunostain-
ing (Supplementary Fig. S10). These findings are consistent with the
known role of SOX2 in inducing pluripotency and may have important
implications in understanding the genesis of epithelial ovarian cancers.

4. Discussion

Less than a third of ovarian cancer patients are diagnosed at an early,
hence potentially curable, stage. The currently available detection op-
tions are patient driven symptom awareness and screening using com-
bination of a serum marker (CA125) and imaging by ultrasound
methods. Advances have beenmade to divert from the single threshold
rule for CA125 to more complex algorithms in order to improve perfor-
mance and facilitate early treatment. Jacobs et al. (2016) recently re-
ported results of the UK Collaborative Trial of Ovarian Cancer
Screening (UKCTOCS), a study in which over 200,000 postmenopausal
women were enrolled to assess whether screening is effective for im-
proving early ovarian cancer diagnosis and survival. Results indicated
a limited mortality reduction in the primary analysis (Jacobs et al.,
2016). This, again, underscores the need for effective biomarkers for
early detection.

Recent work strongly suggests that the FTE is a common site of a
large fraction of high-grade serous pelvic cancers (Perets et al., 2013).
Inducing mutations in TP53, BRCA1-BRCA2, and PTEN in secretory cells
in the FTE of mice resulted in the development of HGSOCs (Perets et
al., 2013). However, there continues to be a need for novel molecular
markers of premalignant transformation that could be used for early de-
tection. Current screening methods only enable the detection of
established invasive ovarian cancers. Mathematical modeling of tumor
occurrence in BRCA1-BRCA2mutations carriers suggests that tumors re-
main occult for up to four years (Brown and Palmer, 2009). This dura-
tion represents an unutilized opportunity for premalignant or early
stage disease detection because of the limitations of existing markers.
In addition, patients with a family history of ovarian cancer who don't
have affected living relatives are not eligible for BRCA1-BRCA2mutation
testing. Furthermore, in many cases of familial ovarian malignancies
BRCA testing is negative. Subsequently, these patients are ineligible for
risk-reducing salpingo-oophorectomy.

Lack of specificity of TP53 overexpression (the so called p53 signa-
ture) in the fallopian tube (Lee et al., 2007) undermines its potential
use in early detection. In contrast, we have shown that SOX2 overex-
pression has high specificity and sensitivity as evidenced by the high
AUC in our ROC analysis. In addition, unlike the p53 signature which
only involves a limited number of cells, SOX2 overexpression occupies
a large surface area of the fallopian tube. This makes SOX2 overexpres-
sion amenable for detection. Safe screening methods that exploit such

feature would need to be developed in both BRCA mutation carriers
and patients with HGSOC. The use of cell-penetrating peptides or anti-
bodies that specifically recognize SOX2 could be labeledwith PET imag-
ing tracers to enable early, non-invasive detection in patients. In
addition, fallopian tube catheterization for obtaining cytobrush speci-
mens for quantifying SOX2 expression is also possible. Such methods
could be tested in clinical trials for early detection in young women
with BRCA1-BRCA2mutationswhodonotwish to undergo prophylactic
excision of both tubes and ovaries. Finally, as SOX2 is a potent transcrip-
tion factor, it is highly likely that its aberrant expression is associated
with co-expression of secreted proteins. The future discovery of such
proteins could enable biomarker screening using blood sampling.

In summary, in this study we demonstrated that SOX2 overexpres-
sion occurs in a fraction of women with BRCA1 and BRCA2 mutations
prior to ovarian cancer initiation and in the majority of patients with
HGSOCs irrespective of tumor stage. These findings could be exploited
for filling the current gap in early detection strategies for ovarian cancer.
We believe that this is thefirst report of the expansion of SOX2-express-
ing cells in the FTE of HGSOCs. This finding has important implications,
as it provides a potentially powerful tool for screening for HGSOCs. Uti-
lizing our findings as potential biomarker should take high priority.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebiom.2016.06.048.
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